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 Part I: The catalytic α-arylation of aryl nitromethanes has been a longstanding 
challenge, due to the reported lack of reactivity of these compounds under cross-coupling 
conditions. Conditions for this transformation have been developed using mechanistically-
driven high-throughput experimentation. The method efficiently provides access to a 
variety of isolable diaryl nitromethanes, which are useful synthetic intermediates, as well 
as diaryl ketones and diaryl methyl amines in sequential transformations. Additionally, a 
one-pot process has been developed for the differential di-arylation of nitromethane. 
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 The catalytic α-arylation of phosphonoacetates has also been achieved using 
mechanistically-driven high-throughput experimentation. α-Arylated phosphonoacetates 
are biologically active structural motifs, and are synthetically useful in the Horner-
Wadsworth-Emmons olefination. The conditions developed provide a significant 
improvement to the range of accessible phosphonoacetates, as previously reported 
methods were limited in scope and/or required harsh reaction conditions. The method is 
useful for both aryl bromide and aryl chloride starting materials at low catalyst loadings, 
and has been shown to be robust on large scale.  
 
  The challenging racemic quaternary α-arylation of phosphine oxides has been 
achieved as well, in 50% yield. Reaction conditions were thoroughly investigated using 
high-throughput experimentation. Improvements to the yield of the quaternary product 
were limited by decomposition of both the starting material and the product. More mild 
conditions with palladium catalysts were investigated, and a preliminary investigation of 
alternative catalysts was undertaken. The asymmetric quaternary α-arylation reaction was 
also studied. 
 
 Part II: A unique C(sp3)–H bond activation of toluene by Pd(OAc)2 was recently 
discovered. The mechanism of this reaction was studied. The initially proposed 
mechanism was ruled out, and another mechanism, more consistent with experimental 
evidence, is proposed. Evidence for a rate-limiting C–H activation event is presented, as 
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is as evidence for radical character in both the oxazolone starting material and toluene 
coupling partner. Kinetics studies were undertaken, which revealed a completely zero-
order reaction, perhaps implicating an intramolecular rate-determining step.  
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CHAPTER 1: PALLADIUM-CATALYZED α-ARYLATION OF ARYL 
NITROMETHANES1,2  
1.1. Background 
1.1.1. Significance of Alkyl Nitromethanes 
 The nitro group has been shown to be very useful in synthesis. The nitro group 
itself can be transformed into a variety of other functional groups including carbonyls, 
amines, and oximes (Figure 1.1).3 Specifically, the transformation of a nitro group to a 
carbonyl is known as the Nef reaction. While nitroalkanes are not prevalent in biologically 
active compounds, ketones, amines, and oximes are more frequently found. The ease 
and availability of known functional group transformations allows the nitro group to be 
useful as a precursor in a synthetic sequence.  
 
Figure 1.1. Utility of Nitroalkanes in Functional Group Transformations 
                                                     
1 Adapted from VanGelder, K. F.; Kozlowski, M. C., Palladium-Catalyzed Α-Arylation of Aryl 
Nitromethanes. Org. Lett. 2015, 17 (23), 5748-5751. Copyright 2015 American Chemical Society. 
2 VanGelder, K. F.; Kozlowski, M. C., Palladium-Catalyzed α-Arylation of Aryl Nitromethanes. 
Org. Lett. 2015, 17 (23), 5748-5751. 
3 (a) Ballini, R.; Bosica, G.; Fiorini, D.; Palmieri, A.; Petrini, M., Conjugate Additions of 
Nitroalkanes to Electron-Poor Alkenes:  Recent Results. Chem. Rev. 2005, 105 (3), 933-972. (b) 
Ono, N., The Nitro Group in Organic Synthesis. Wiley-VCH: New York, 2001. (c) Rosini, G.; 
Ballini, R., Functionalized Nitroalkanes as Useful Reagents for Alkyl Anion Synthons. Synthesis 
1988, 1988 (11), 833-847. (d) Feuer, H.; Nielsen, A. T., Eds., In Nitro Compounds: Recent 
Advances in Synthesis and Chemistry, Wiley-VCH Verlag GmbH: New York, 1990. 
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 Nitroalkanes are particularly useful in carbon-carbon bond formation. Nitroalkanes 
are relatively acidic at the α-position, due to the powerful electron-withdrawing ability of 
the nitro group. Furthermore, mild bases can accomplish the formation of nitronate salts. 
The corresponding nitronate salts can be used as carbon nucleophiles in reactions with 
various electrophiles, such as aldehydes (Henry reaction) and α,β-unsaturated ketones 
(Figure 1.2).3c,4-5 These transformations allow a rapid increase of complexity. When 
combined with the functional group transformations described in Figure 1.1, the nitro group 
provides access to a nearly limitless array of functionalized synthetic targets. 
 
Figure 1.2. Reactions of Nitroalkanes: (a) Henry Reaction; (b) Conjugate Addition 
 
1.1.2. Previous Synthetic Access to Diaryl Nitromethanes 
 There are very few published methods to diaryl nitromethanes. All are quite low 
                                                     
4 (a) Ballini, R.; Palmieri, A.; Righi, P., Highly Efficient One- or Two-Step Sequences for the 
Synthesis of Fine Chemicals from Versatile Nitroalkanes. Tetrahedron 2007, 63 (49), 12099-
12121. (b) Wade, P. A.; Morrow, S. D.; Hardinger, S. A., Palladium Catalysis as a Means for 
Promoting the Allylic C-Alkylation of Nitro Compounds. J. Org. Chem. 1982, 47 (2), 365-367. (c) 
Luzzio, F. A., The Henry Reaction: Recent Examples. Tetrahedron 2001, 57 (6), 915-945. (d) 
Aleksandrowicz, P.; Piotrowska, H.; Sas, W., Palladium Catalyzed C-Allylation of Nitroalkanes. 
Tetrahedron 1982, 38 (9), 1321-1327. (e) Gildner, P. G.; Gietter, A. A. S.; Cui, D.; Watson, D. A., 
Benzylation of Nitroalkanes Using Copper-Catalyzed Thermal Redox Catalysis: Toward the 
Facile C-Alkylation of Nitroalkanes. J. Am. Chem. Soc. 2012, 134 (24), 9942-9945. 
5 (a) Henry, L., Formation Synthétique d'Alcools Nitrés. Acad. Sci. Ser. C. 1895, 1265-1268. (b) 
Henry, L., Formation Synthétique d'Alcools Nitrés. Bull. Soc. Chim. Fr. 1895, 13, 999-1003. (c) 
Adams, H.; Anderson, J. C.; Peace, S.; Pennell, A. M. K., The Nitro-Mannich Reaction and Its 
Application to the Stereoselective Synthesis of 1,2-Diamines. J. Org. Chem. 1998, 63 (26), 9932-
9934. 
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yielding, presenting a serious obstacle to their use in synthesis. One such method is the 
nitration of diarylmethanes, published by Friedman and coworkers (Scheme 1.1).6 This 
reaction is, unsurprisingly, quite inefficient. The reaction relies on the attack of the weakly 
nucleophilic bis-benzylic diaryl methane anion on a nitrate ester. Furthermore, synthetic 
access to the diaryl methane starting material (1.01) is not trivial, giving this method limited 
synthetic utility.  
 
Scheme 1.1. Nitration of Diarylmethanes1 
 
 A second method was published by Zarei and coworkers, reporting a nucleophilic 
displacement of a doubly benzylic alkyl chloride (1.03) by nitrite (Scheme 1.2).7 This 
method has limitations as well. Synthetic access to the starting material is not trivial, and 
the reaction relies on the nucleophilic attack of the nitrite anion, which is an ambident 
nucleophile. Mixtures of nitrite ester and diaryl nitromethane result. 
 
Scheme 1.2. Nucleophilic Displacement of Benzylic Halide by Nitrite1 
 
 A third route begins with the diaryl oxime. There are two reported methods to 
convert these diaryl oximes to the corresponding diaryl nitromethanes, as shown in 
                                                     
6 Feuer, H.; Friedman, H., Alkyl Nitrate Nitration of Active Methylene Compounds. Nitration of 
Toluenes. A Facile Preparation of Stilbenes. J. Org. Chem. 1975, 40 (2), 187-190. 
7 Zarchi, M. A. K.; Zarei, A., Synthesis of Nitroalkanes from Alkylhalides under Mild and 
Nonaqueous Conditions by Using Polymer Supported Nitrites. J. Chin. Chem. Soc. 2005, 52 (2), 
309-311. 
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Scheme 1.3. The first, published by Bose and coworkers,8 reports the oxidation of the 
oxime to the nitro group using Oxone® (Scheme 1.3A). Most substrates reported are 
dialkyl oximes; only one example is given of a diaryl oxime (1.04), and it reacts at 
significantly lower rates than the other alkyl oximes that are reported in the paper. The 
second set of conditions, published by Olah and coworkers,9 reports the oxidation of the 
oxime to the nitro group using sodium perborate in glacial acetic acid (Scheme 1.3B). 
Again, most substrates reported are dialkyl oximes, and only one successful diaryl oxime 
substrate (1.04) is reported for this method. Both of these methods also suffer from the 
lack of commercial and synthetic availability of the starting oxime.  
 
Scheme 1.3. Formation of Diaryl Nitromethanes from Diaryl Oximes 
 
 The final example, reported by Mayr and coworkers, describes the rearrangement 
of a nitrite ester (1.05) (Scheme 1.4).10 This method, like those above, suffers from the 
lack of availability of the starting materials. Furthermore, both Feuer and Mayr reported 
instability of the diaryl nitromethane compounds. Feuer and coworkers reported that the 
diaryl nitromethane (1.06) spontaneously converted to the corresponding benzophenone 
(1.07) even when stored at 0°C,6 which was confirmed by the observations of Mayr and 
coworkers.10  
                                                     
8 Bose, D. S.; Vanajatha, G., A Versatile Method for the Conversion of Oximes to Nitroalkanes. 
Synth. Commun. 1998, 28 (24), 4531-4535. 
9 Olah, G. A.; Ramaiah, P.; Lee, C.-S.; Surya Prakash, G. K., Convenient Oxidation of Oximes to 
Nitro Compounds with Sodium Perborate in Glacial Acetic Acid. Synlett 1992, 1992 (04), 337-
339. 
10 Tishkov, A. A.; Schmidhammer, U.; Roth, S.; Riedle, E.; Mayr, H., Ambident Reactivity of the 
Nitrite Ion Revisited. Angew. Chem. Int. Ed. 2005, 44 (29), 4623-4626. 
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Scheme 1.4. Rearrangement of a Nitrite Ester to Form Diaryl Nitromethanes1 
 
 Thus, diaryl nitromethane compounds, despite their clear synthetic utility, are 
extraordinarily difficult to access. Furthermore, these compounds may be challenging to 
use as synthetic intermediates, due to their reported instability. 
 
1.1.3. Arylation of Alkyl and Aryl Nitromethanes 
 In 2002, the first catalytic α-arylation of nitroalkanes was reported by Buchwald 
and coworkers, illustrated in Scheme 1.5.11 Using a palladium catalyst and the biaryl 
phosphine ligand t-BuMePhos (1.08)12, they were able to accomplish the α-arylation of a 
wide variety of secondary nitroalkanes. However, nitromethane, nitroacetates, and phenyl 
nitromethane proved unsuccessful in this reaction.  
 
Scheme 1.5. Palladium-Catalyzed α-Arylation of Nitroalkanes using t-BuMePhos 
                                                     
11 Vogl, E. M.; Buchwald, S. L., Palladium-Catalyzed Monoarylation of Nitroalkanes. J. Org. 
Chem. 2002, 67 (1), 106-111. 
12 Buchwald and coworkers also note that the commercially available JohnPhos also worked well 
in the transformation. 
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 Nitroacetates (1.10) are particularly interesting substrates for this reaction, as the 
resulting α-arylated products can then be reduced to the corresponding α-aryl unnatural 
amino acids. Dr. Alison Metz from our laboratory was able to identify robust conditions for 
the α-arylation of these useful compounds, using the bulky biaryl phosphine ligand t-
BuXPhos (1.09) (Scheme 1.6).13 
 
Scheme 1.6. α-Arylation of Nitroacetates using t-BuXPhos 
 
 Next, Dr. Ryan Walvoord from our laboratory was able to develop conditions for 
the α-arylation of nitromethane itself (1.12), a commodity chemical, using the moderately 
bulky cyclohexyl phosphine XPhos (1.11) (Scheme 1.7).14 A second arylation at the α 
position was never observed under these conditions. However, if a second arylation could 
be controlled, through ligand or temperature manipulation, this set of orthogonal reaction 
conditions could allow for the differential diarylation of nitromethane.  
                                                     
13 (a) Metz, A. E.; Berritt, S.; Dreher, S. D.; Kozlowski, M. C., Efficient Palladium-Catalyzed 
Cross-Coupling of Highly Acidic Substrates, Nitroacetates. Org. Lett. 2012, 14 (3), 760-763. (b) 
Metz, A. E.; Kozlowski, M. C., 2-Aryl-2-nitroacetates as Central Precursors to Aryl Nitromethanes, 
α-Ketoesters, and α-Amino Acids. J. Org. Chem. 2013, 78 (2), 717-722. 
14 (a) Walvoord, R. R.; Berritt, S.; Kozlowski, M. C., Palladium-Catalyzed Nitromethylation of Aryl 
Halides: An Orthogonal Formylation Equivalent. Org. Lett. 2012, 14 (16), 4086-4089. (b) 
Walvoord, R. R.; Kozlowski, M. C., Minimizing the Amount of Nitromethane in Palladium-
Catalyzed Cross-Coupling with Aryl Halides. J. Org. Chem. 2013, 78 (17), 8859-8864. 
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Scheme 1.7. α-Arylation of Nitromethane using XPhos 
 
1.2. Results 
1.2.1. Initial Studies Toward the α-Arylation of Aryl Nitromethanes 
 A preliminary high-throughput experimentation15 study conducted by Dr. Simon 
Berritt showed that altering the phosphine ligand could result in the second α-arylation 
(Scheme 1.8). These initial studies revealed that both the diaryl nitromethane and 
benzophenone products were present in the reaction mixture.  As reported by Mayr and 
coworkers,10 diaryl nitromethanes are known to spontaneously convert under air to the 
corresponding benzophenone. In order to fully capture all of the material that successfully 
underwent cross-coupling, we elected to convert the initially formed diaryl nitromethane to 
the benzophenone. Thus, preliminary efforts focused on the second step of a two-step 
process, wherein the diaryl nitromethanes were transformed via the Nef reaction to the 
corresponding benzophenones. 
 
                                                     
15 Schmink, J. R.; Bellomo, A.; Berritt, S., Scientist-Led High-Throughput Experimentation (HTE) 
and Its Utility in Academia and Industry. Aldrichimica Acta 2013, 46, 71-80. 
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Scheme 1.8. Conditions Identified by Initial 24-Well Plate High-Throughput Screen for the α-
Arylation of Aryl Nitromethanes 
 
1.2.2. Optimization of Conditions for the Nef Reaction of Diaryl Nitromethanes 
 In order to best evaluate the efficiency of conditions for the cross-coupling, 
conditions for the Nef reaction were analyzed first. Using unoptimized cross-coupling 
conditions to generate a batch of unpurified diaryl nitromethane 1.17, it was quickly found 
that the concentration of the cross-coupling reaction was extremely important. Upon 
increasing the concentration from 0.1 M to 0.2 M, the Nef screening displayed higher 
overall yields for the two step process. Continuing with unoptimized cross-coupling 
conditions at 0.2 M, eight conditions for the Nef reaction were screened, as illustrated in 
Table 1.1.  
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Entrya Conditions 
Isolated Yield 
1.17 (%)b 
1 Bu4N+NO2-, benzene, MeOH 14 
2 1) 2.0 M NaOH, MeOH; 2) 5 M HCl 32 
3 1) KOH, MeOH; 2) KMnO4, MgSO4; 3) 5 M HCl 34 
4 1) SiO2, MeOH, CDCl3, air; 2) KOH 34 
5 1) 5 M KOH, Et2O; 2) 5 M HCl, Et2O 36 
6 1) TMSCl, DBU, CH2Cl2; 2) mCPBA 40 
7 TBAF, KF, MeOH, MeI 40 
8 1) NaOH, Na2HPO4, MeOH; 2) Oxone®, H2O;  3) 5 M HCl 44 
a Conditions shown for the cross-coupling are unoptimized. b Isolated yields are for the two-step formation of 
the benzophenone. 
Table 1.1.  Nef Reaction Condition Screening1 
 
 Mayr and coworkers reported that diaryl nitromethanes could be effectively 
converted to the corresponding benzophenone using tetrabutylammonium nitrate,10 
illustrated in Entry 1 (Table 1.1). In our hands, this reaction was ineffective. Classical acid-
base conditions for the Nef reaction resulted in moderate yields of 1.18 (Entries 2 and 5, 
10 
 
Table 1.1).16 The strongly oxidative conditions using potassium permanganate also 
afforded 1.18 in moderate yield (Entry 3, Table 1.1).17 Notably, silica and air were able to 
perform the Nef reaction in moderate yield, indicating that purification of the diaryl 
nitromethane via flash chromatography would be challenging (Entry 4, Table 1.1). The 
peroxyacid promoted Nef reaction of the trimethylsilyl nitronate anion afforded 1.18 in 
moderate yield (Entry 6, Table 1.1).18 Dr. Alison Metz of the Kozlowski laboratory had 
identified conditions for the Nef reaction of α-arylated nitroacetates for the generation of 
β-keto esters, conditions which proved moderately successful with the diaryl nitromethane 
substrate (Entry 7, Table 1.1).13b The most effective conditions for the Nef reaction were 
found to be a mild oxidative method utilizing Oxone® (Entry 8, Table 1.1).19,20 These 
conditions afforded 1.18 in 44% isolated yield over the two step process. With these 
optimized conditions in hand, focus moved to the optimization of the cross-coupling 
conditions. 
 
                                                     
16 Cameron, D. W.; Hildyard, E. M., Synthesis of Some Precursors of 1,3,8-Naphthalenetriol and 
Related Compounds. J. Chem. Soc. C 1968, 166-169. 
17 Zhang, Z.; Yu, A.; Zhou, W., Synthesis and Structure–Activity Relationship of 7-(substituted)-
Aminomethyl-4-quinolone-3-carboxylic Acid Derivatives. Biorg. Med. Chem. 2007, 15 (23), 7274-
7280. 
18 Aizpurua, J. M.; Oiarbide, M.; Palomo, C., The Nef Reaction on Trialkylsilyl Nitronates 
Promoted by m-Chloroper-benzoic Acid. An Efficient Route to α-Alkoxyketones from 
Nitroalkanes. Tetrahedron Lett. 1987, 28 (44), 5361-5364. 
19 Ceccherelli, P.; Curini, M.; Marcotullio, M. C.; Epifano, F.; Rosati, O., Oxone® Promoted Nef 
Reaction. Simple Conversion of Nitro Group Into Carbonyl. Synth. Commun. 1998, 28 (16), 3057-
3064. 
20 A mechanism for the Oxone®-mediated Nef reaction is included in reference 19, however there 
are other mechanisms that have been reported under basic reaction conditions, with and without 
the presence of molecular oxygen: (a) Gissot, A.; N'Gouela, S.; Matt, C.; Mioskowski, C., NaNO2-
Mediated Transformation of Aliphatic Secondary Nitroalkanes into Ketones or Oximes under 
Neutral, Aqueous Conditions:  How the Nitro Derivative Catalyzes Its Own Transformation. J. Org. 
Chem. 2004, 69 (26), 8997-9001. (b) Umemiya, S.; Nishino, K.; Sato, I.; Hayashi, Y., Nef 
Reaction with Molecular Oxygen in the Absence of Metal Additives, and Mechanistic Insights. 
Chem. Eur. J. 2014, 20 (48), 15753-15759. 
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1.2.3. Mechanistic Analysis of the Proposed Reaction 
 When optimizing a palladium-catalyzed cross-coupling reaction, the first variable 
often investigated is the identity of the ligand. Given the Kozlowski laboratory’s experience 
in developing other α-arylation methods for nitroalkanes, it was anticipated that modifying 
the ligand structure would be the single most important change that could result in the α-
arylation of aryl nitromethanes. In considering which ligands to investigate, a 
mechanistically-driven analysis was undertaken.  
 We propose that the reaction proceeds via a mechanism similar to that reported 
for α-arylations of other acidic species (Figure 1.3).21-23 After ligand association to form the 
active catalyst A, oxidative addition of the aryl halide to the Pd0 species A occurs first, to 
afford B. The deprotonation of the aryl nitromethane is likely facile, and subsequent 
transmetalation affords the PdII nitronate, which is capable of isomerization between the 
carbon-bound nitronate C and the oxygen-bound nitronate D. The arylated product E is 
released by reductive elimination to regenerate the Pd0 active catalyst A.  
                                                     
21 Culkin, D. A.; Hartwig, J. F., C−C Bond-Forming Reductive Elimination of Ketones, Esters, and 
Amides from Isolated Arylpalladium(II) Enolates. J. Am. Chem. Soc. 2001, 123 (24), 5816-5817. 
22 Wolkowski, J. P.; Hartwig, J. F., Generation of Reactivity from Typically Stable Ligands: C-C 
Bond-Forming Reductive Elimination from Aryl Palladium(II) Complexes of Malonate Anions. 
Angew. Chem. Int. Ed. 2002, 41 (22), 4289-4291. 
23 Culkin, D. A.; Hartwig, J. F., Palladium-Catalyzed α-Arylation of Carbonyl Compounds and 
Nitriles. Acc. Chem. Res. 2003, 36 (4), 234-245. 
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Figure 1.3. Proposed Mechanism for the a-Arylation of Aryl Nitromethanes24 
 
 In looking at the proposed mechanism, it was anticipated that there were two 
potential problematic steps. First, the aryl nitronate ion is weakly nucleophilic, which could 
hinder transmetalation. It has been found by the Kozlowski group and others that di-tert-
butyl biaryl phosphine ligands performed better in cross-couplings with weak 
nucleophiles.13a,25,26  The reductive elimination step was a concern as well, given the two 
possible ligation modes of the Pd.23 Computational work in the Kozlowski lab has shown 
that the carbon-bound nitronate is required for reductive elimination,27 which is sterically 
the more encumbered of the two possible isomers. Bulkier phosphine ligands would thus 
                                                     
24 Reprinted with permission from VanGelder, K. F.; Kozlowski, M. C., Palladium-Catalyzed α-
Arylation of Aryl Nitromethanes. Org. Lett. 2015, 17 (23), 5748-5751. Copyright 2015 American 
Chemical Society. 
25 Rosen, B. R.; Ruble, J. C.; Beauchamp, T. J.; Navarro, A., Mild Pd-Catalyzed N-Arylation of 
Methanesulfonamide and Related Nucleophiles: Avoiding Potentially Genotoxic Reagents and 
Byproducts. Org. Lett. 2011, 13 (10), 2564-2567. 
26 Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L., Catalysts for Suzuki−Miyaura 
Coupling Processes:  Scope and Studies of the Effect of Ligand Structure. J. Am. Chem. Soc. 
2005, 127 (13), 4685-4696. 
27 Unpublished work studying α-arylation of enolate-like structures, completed by Sergei 
Tcyrulnikov. 
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promote the desired reductive elimination. With these mechanistic concerns in mind, a 
high-throughput screen was undertaken to optimize the conditions of the first step, the 
coupling reaction. 
 
1.2.4. Optimization of the α-Arylation of Aryl Nitromethanes 
 
 
Figure 1.4. Results of High-Throughput Screen of 12 ligands and 8 Solvents 
 
 Twelve ligands with broad range of structural characteristics were analyzed 
alongside eight solvents. The results of the screen are shown in Figure 1.4. As anticipated, 
bulky tert-butyl phosphine ligands performed better in the screen. Biaryl phosphines 
containing isopropyl groups that block palladacycle formation were superior, indicating 
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that palladacycle formation needs to be suppressed in this process.28 JohnPhos is notable 
as a ligand that performed well in the cross-coupling of nitro alkanes reported by Buchwald 
and coworkers. However, this ligand enabled only small amounts of product formation. 
XPhos was the ligand used in the arylation of nitromethane by Dr. Ryan Walvoord. XPhos 
performed quite poorly in the screen, indicating that a ligand change would be required for 
the differential diarylation of nitromethane. Ultimately the top hits from the high-throughput 
screen were taken into a larger scale validation of the two-step process (Table 1.2).   
 
 
 
 
 
 
 
 
                                                     
28 (a) Burgos, C. H.; Barder, T. E.; Huang, X.; Buchwald, S. L., Significantly Improved Method for 
the Pd-Catalyzed Coupling of Phenols with Aryl Halides: Understanding Ligand Effects. Angew. 
Chem. Int. Ed. 2006, 45 (26), 4321-4326. (b) Johansson, C. C. C.; Colacot, T. J., Metal-Catalyzed 
α-Arylation of Carbonyl and Related Molecules: Novel Trends in C-C Bond Formation by C-H 
Bond Functionalization. Angew. Chem. Int. Ed. 2010, 49 (4), 676-707. 
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Entry Ligand Solvent 
HTE Sum of 
Products / ISa 
Isolated Yield 1.17 
(%)b 
1 t-BuXPhos CPME 8.50 80 
2 CataCXium POMetB CPME 7.85 55 
3 BrettPhos CPME 7.60 49 
4 t-BuXPhos benzene 7.11 42 
5 BrettPhos benzene 6.61 41 
6 t-BuXPhos dioxane 8.38 38 
a IS = internal standard. P = sum of diaryl nitromethane and benzophenone products. High-Throughput 
Experimentation (HTE) was performed using 4-bromoanisole. b Isolated yields are for the two-step formation 
of the benzophenone on 0.2 mmol scale. 
Table 1.2. Lab Scale Validation of High-Througput Screen Results1 
 
 On laboratory scale, cyclopentyl methyl ether (CPME) was determined to be the 
best solvent for the transformation. t-BuXPhos and CataCXium POMetB were the top two 
ligands for the cross-coupling. The base was the next variable that was analyzed. Previous 
work by both the Hartwig and Kozlowski labs has shown that the proportion of base that 
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is soluble in the reaction medium is very important in the arylation of acidic substrates.13a,29 
Thus, the top two ligands from Table 1.2 were screened with twelve different bases, in a 
second high-throughput screen (Figure 1.5). 
 
 
Figure 1.5. Results of High-Throughput Screen of 2 Ligands and 12 Bases 
 
 The screen showed that the reaction was broadly tolerant of different bases. 
Generally, organic bases performed more poorly, while potassium inorganic bases 
performed better. The top results were then validated on larger scale. CataCXium POMetB 
was inferior in this screen, so validation was performed for five different bases with t-
BuXPhos (Table 1.3).  
                                                     
29 Beare, N. A.; Hartwig, J. F., Palladium-Catalyzed Arylation of Malonates and Cyanoesters 
Using Sterically Hindered Trialkyl- and Ferrocenyldialkylphosphine Ligands. J. Org. Chem. 2002, 
67 (2), 541-555. 
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Entry Base 
HTE Sum of 
Products / IS 
Isolated Yield 
of 1.17 (%)a 
1 K2CO3 1.05 94 
4 K3PO4 1.00 80 
2 KOH 0.96 71 
3 KHCO3 1.01 70
b 
5 Cs2CO3 0.99 61 
a Isolated yields are for the two-step formation of benzophenone on 0.2 mmol scale. b The cross-coupling 
reaction time was 10 h.  
Table 1.3. Lab Scale Validation of High-Througput Screen Results1 
 
 K2CO3 performed significantly better than the control, K3PO4. The addition of more 
equivalents of base caused the reaction slowed significantly. Thus, with the optimized 
conditions for the cross-coupling in hand, attention turned to the substrate scope of the 
two-step process. 
 
1.2.5. Oxidation of Diaryl Nitromethanes 
 Next, a variety of diaryl nitromethanes were converted to the corresponding 
benzophenones (Table 1.4), using the optimized cross-coupling conditions, followed by 
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the Nef conditions from identified in Table 1.1. This one-pot sequence afforded a diverse 
array of benzophenones, including a heterocyclic example (1.20). The reaction tolerated 
both electron-rich and electron-poor aryl bromides, and both electron-rich and electron-
neutral aryl nitromethanes. Upon trying to expand the substrate scope beyond that of 
Table 1.4, it was observed that some diaryl nitromethanes were resistant to the Nef 
reaction. This observation is in direct contrast to those of Mayr10 and Feuer,6 who observed 
the rapid and spontaneous oxidation of these compounds to the corresponding 
benzophenone, even when stored at 0°C. Thus, it was hypothesized that some of the 
diaryl nitromethane compounds were more stable than reported. 
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Table 1.4. Substrate Scope for the α-Arylation of Aryl Nitromethanes Followed by the Nef 
Reaction 
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1.2.6. Substrate Scope for the α-Arylation of Aryl Nitromethanes 
 
Table 1.5. Substrate Scope for the α-Arylation of Aryl Nitromethanes 
 
 Using the optimized cross-coupling conditions, a diverse array of stable diaryl 
nitromethanes were generated. Both electron neutral and electron poor aryl bromides are 
coupled effectively. Changing the electronic character of the aryl nitromethane starting 
material is also well tolerated under the optimized reaction conditions. A heterocyclic aryl 
halide coupled in moderate yield (1.29). Unfortunately, ortho-substituted aryl halides 
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proved challenging, and could not be coupled. An ortho-substituent on the aryl 
nitromethane starting material also had a deleterious effect. Longer reaction times and 
higher temperatures proved ineffective for these resistant cases. We propose that ortho-
substitution hinders the transmetalation step, as well as the isomerization to the reactive 
PdII-enolate C (Figure 1.3).  
 
Figure 1.6. Proposed Mechanism for Nef Reaction Mediated by NO2- 
 
 Generally, more electron-poor and electron-neutral diaryl nitromethanes were 
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more stable, allowing for their isolation and characterization. We propose that the more 
electron rich diaryl nitromethanes have a greater propensity to spontaneously convert to 
the corresponding benzophenones. They are better able to stabilize a positive charge at 
the benzylic position, allowing the nitro group to leave as NO2-. It is well known that the 
nitronate anion is capable of reacting with the nitroalkane to generate the corresponding 
carbonyl compound.20a,30 Two proposed mechanisms are shown in Figure 1.6. The 
ambident nitrite anion can attack the diaryl nitromethane with either nitrogen or oxygen, 
resulting in the two possible pathways shown. 
 
1.2.7. Reduction of Diaryl Nitromethanes 
 The diaryl nitromethanes were next subjected to reduction conditions to form the 
corresponding diaryl methyl amines. The functionalized methyl amine moiety is especially 
desirable in pharmaceutical contexts.31 Several different conditions were screened. 
Reduction using Fe (0) gave no desired product (Entry 1, Table 1.6).32 The in situ 
generation of cobalt boride also gave no desired product (Entry 2, Table 1.6).33 
Hydrogenation in the presence of carbon-supported palladium gave only over-reduction 
to the diaryl methane (Entry 3, Table 1.6).34 Of the conditions screened, only sequential 
                                                     
30 Kornblum, N.; Blackwood, R. K.; Mooberry, D. D., The Reaction of Aliphatic Nitro Compounds 
with Nitrite Esters. J. Am. Chem. Soc. 1956, 78 (7), 1501-1504. 
31 Sakurai, S.; Ogawa, N.; Suzuki, T.; Kato, K.-i.; Ohashi, T.; Yasuda, S.; Kato, H.; Ito, Y., 
Synthesis and Thromboxane A2 Antagonistic Activity of [[1-Aryl(or Benzyl)-1-
(benzenesulfonamide)methyl]phenyl]alkanoic Acid Derivatives. Chem. Pharm. Bull. 1996, 44 (4), 
765-777. 
32 Stamford, A. W.; Zhu, Z.; Mandal, M.; Wu, Y.; Cumming, J. N.; Liu, X.; Li, G.; Iserloh, U. 
Phenyl-Substituted 2-Imino-3-methyl Pyrrolo Pyrimidinone Compounds as BACE-1 Inhibitors, 
Compositions, and Their Use. Intl. Patent WO 2009/131975 A1, October 29, 2009. 
33 Davis, T. A.; Johnston, J. N., Catalytic, Enantioselective Synthesis of Stilbenecis-Diamines: A 
Concise Preparation of (-)-Nutlin-3, a Potent p53/MDM2 Inhibitor. Chem. Sci. 2011, 2 (6), 1076-
1079. 
34 Borah, J. C.; Gogoi, S.; Boruwa, J.; Kalita, B.; Barua, N. C., A Highly Efficient Synthesis of the 
C-13 Side-Chain of Taxol Using Shibasaki's Asymmetric Henry Reaction. Tetrahedron Lett. 2004, 
45 (18), 3689-3691. 
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addition of excess zinc dust resulted in the desired reduction of the nitro group with no 
over-reduction.13a 
 
Entry Base Conversion (%) (by 1H NMR) 
1 Fe0, HCl, EtOH, reflux, 2 h 0% 
2 CoCl2, NaBH4, MeOH, rt to 0°C, 2 h 0% 
3 Pd/C, H2, EtOH, rt, 18 h 44% diaryl methane 
4 Zn0, glacial AcOH, rt, 16 h 100% 
Table 1.6. Diaryl Nitromethane Reduction Condition Screening 
 
 Next, the scope of the reduction was investigated, as shown in Table 1.7. Several 
diaryl nitromethanes were subjected to the reduction protocol, including a naphthyl diaryl 
methyl amine 1.38.  
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Table 1.7. Substrate Scope of the Reduction of Diaryl Nitromethanes to Diaryl Methyl Amines 
 
1.2.8. One Pot Differential Diarylation of Nitromethane 
 Finally, a one pot differential diarylation of nitromethane was accomplished. As 
shown in Scheme 1.9, the first arylation of nitromethane can be accomplished with 2.0 
equivalents of nitromethane (1.12).14b The vial was then charged with the reagents for the 
second arylation that we report herein, without requiring a change of solvent. The second 
coupling can be accomplished efficiently, with an overall yield of 53%, corresponding to 
an average step yield of 73%. This closely corresponds to the yield of the second arylation 
to form 1.27a (Table 1.5).  
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Scheme 1.9. The One Pot Differential Diarylation of Nitromethane 
 
1.3. Conclusions  
 In conclusion, the α-arylation of aryl nitromethanes has been accomplished, 
permitting straightforward access to diaryl nitromethanes. These conditions have the 
added benefit of starting from widely available and easily differentiated aryl halides. While 
these compounds can be difficult to work with due to their stability, their high reactivity 
allows facile generation of benzophenones and diaryl methyl amines. A one-pot process 
has been developed for the differential diarylation of nitromethane, a commodity chemical. 
 
1.4. Experimental Section 
General Considerations 
 All reactions were run in flame-dried glassware, and under an argon atmosphere. 
Unless otherwise noted, all reagents were reagent grade and used without further 
purification. Cyclopentyl methyl ether (CPME) was distilled from CaH2 and stored under 
argon. Aryl nitromethanes were obtained via a previously reported method.14a Flash 
column chromatography was performed using EM Reagents Silica Gel 60 (230-400). 
Analytical thin-layer chromatography (TLC) was performed using EM Reagents 0.25 mm 
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silica gel 254-F plates. Visualization was accomplished with UV light and/or potassium 
permanganate stain.  
 1H NMR and 13C NMR spectra were recorded on AV-II 500, AM 500, DMX 360, 
and DMX 300 Fourier transform NMR spectrometers. 31P NMR spectra were recorded on 
DMX 360 and DMX 300 Fourier transform NMR spectrometers, and are proton decoupled. 
Chemical shifts are reported relative to the solvent resonance peak δ 7.27 (CDCl3) for 1H 
and δ 77.23 (CDCl3) for 13C. For 31P spectra, chemical shifts are reported relative to a 
capillary internal standard δ 0 (H3PO4). Peaks are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, bs = broad singlet, m = multiplet), 
coupling constants, and number of protons. High resolution mass spectra were obtained 
using a VG Autospec using an ESI or CI ionization mode. Infrared spectra are reported in 
cm-1 and recorded using a Perkin-Elmer spectrometer, model Spectrum BX. All yields refer 
to isolated yields, and product purity was determined by 1H NMR spectroscopy. 
 
Parallel Microscale Experimentation Data 
 In a glovebox, the ligands (2 µmol phosphine) were dosed into the 1-mL vials of 
either the 96-well or 24-well reactor either as solutions in benzene or in advance of the 
screen. For pre-dosing the ligands, the solvent was removed after dosing by evacuation 
by a JKem-blow-down block, and the plates were then stored in a glovebox. The palladium 
source (0.1 µmol Pd) was then dosed as a solution in benzene. Depending on the solubility 
of the palladium source in benzene, a slurry was sometimes used. The solvent was 
removed via a JKem-blow-down block. The base (12 µmol) was dosed as a slurry in THF. 
The plate was again evacuated to dryness via a JKem-blow-down block. A parylene stirbar 
was added to each vial. Finally, a solution of aryl halide (11 µmol) and aryl nitromethane 
starting material (10 µmol) in the reaction solvent was dosed to each vial, to afford a total 
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volume of 100 µL in each vial of the reactor (0.1 M in aryl nitromethane). The reactor block 
was sealed and removed from the glovebox before heating. The 96-well reactor was 
heated and stirred on a VP 710 Series tumble stirrer (500 rpm). The 24-well reactor was 
heated on an IKA heating plate with vigorous stirring.  
 Upon cooling to 25 °C, the reactions were quenched by the addition 500 µL of a 
10% solution of glacial acetic acid in acetonitrile, containing an internal standard (1 µmol 
biphenyl, 10 mol%). The vials were stirred for 60 minutes. Into a 96-well plate LC block 
(Analytical Sales and Services, part # 17P687) was added 50 µL aliquots from each 
reaction vial, and 750 µL of acetonitrile. The 96-well plate LC block was then sealed with 
a polypropylene 1 mL cap mat (Analytical Sales and Services, part # 96057). The reactions 
were analyzed using an Agilent Technologies 1200 series HPLC with a 96-well plate auto-
sampler. Assay conditions: Supelco Ascentis Express C18 100 mm x 4.6 mm; MeCN with 
H2O + 0.1 % H3PO4; 1.8 mL/min; 10 % in MeCN to 95 % MeCN in 6 minutes, hold for 2 
minutes; Post time 2 minutes; Column at 40 °C; 210 nm, 230 nm, and 254 nm. 
 The initial 24-well screen followed the above procedure using 5 mol% Pd2(dba)3, 
20 mol% phosphine ligands (10 mol% for bidentate phosphine ligands), 1.2 equivalents 
K3PO4, 1.1 equivalents 4-bromoanisole, 1.0 equivalents phenyl nitromethane,14a and 0.1 
M of various solvents. The plate was heated at 80°C for 18 h. Conditions tested: 12 
ligands, 2 solvents. Results are shown below in Table 1.8. 
Ligand Set: See Figure 1.7 below. 
Solvent Set: toluene, 1,4-dioxane 
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Figure 1.7. Ligand Set Used in First High-Throughput Screen Evaluating Ligand and Solvent 
Effects for the α-Arylation of Aryl Nitromethanes24 
 
 
Ligand Solvent Assay Yield (%)a 
BrettPhos Toluene 65.03 
t-BuXPhos 1,4-dioxane 60.76 
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t-BuXPhos Toluene 57.96 
t-BuBrettPhos 1,4-dioxane 52.57 
BrettPhos 1,4-dioxane 43.44 
t-BuBrettPhos Toluene 34.76 
JohnPhos Toluene 15.29 
XPhos 1,4-dioxane 14.16 
(t-Bu)3P HBF4 toluene 13.86 
(t-Bu)3P HBF4 1,4-dioxane 13.65 
SPhos 1,4-dioxane 7.57 
XPhos toluene 5.93 
QPhos toluene 4.44 
QPhos 1,4-dioxane 3.46 
CataXCium A 1,4-dioxane 2.50 
DPPF toluene 0.00 
CataXCium A toluene 0.00 
Cy3P HBF4 toluene 0.00 
DTBPF toluene 0.00 
SPhos toluene 0.00 
DPPF 1,4-dioxane 0.00 
Cy3P HBF4 1,4-dioxane 0.00 
JohnPhos 1,4-dioxane 0.00 
DTBPF 1,4-dioxane 0.00 
a Assay yield is based on HPLC quantitative analysis of diaryl nitromethane  
Table 1.8. Raw Data Table of Results from Initial 24-Well Plate Screen, Sorted by Product over 
Internal Standard Ratio1 
 
30 
 
 Next, a second, broader 96-well screen was performed following the above general 
procedure using 5 mol% Pd2(dba)3, 20 mol% phosphine ligands, 1.2 equivalents K3PO4, 
1.1 equivalents 4-bromoanisole, 1.0 equivalents phenyl nitromethane and 0.1 M in solvent. 
Conditions tested: 12 ligands, 8 solvents. Results are shown below in Table 1.9. 
Ligand Set: See Figure 1.8 below. 
Solvent Set: t-BuOH, THF, cyclopentyl methyl ether (CPME), toluene, trifluorotoluene, 
benzene, dichlorobenzene, 1,4-dioxane 
 
Figure 1.8. Ligand Set Used in Second High-Throughput Screen Evaluating Ligand and Solvent 
Effects for the α-Arylation of Aryl Nitromethanes24 
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Ligand Solvent 
Product 
/ IS 
Benzophenone 
/ IS 
Sum of 
Products 
/ IS 
Validation 
(Isolated 
Yield)a 
t-BuXPhos CPME 3.66 4.84 8.50 80% 
t-BuXPhos dioxane 4.57 3.81 8.38 38% 
CataCXium POMetB CPME 2.21 5.64 7.85 75%b 
BrettPhos CPME 3.38 4.23 7.61 49% 
t-BuXPhos benzene 1.85 5.26 7.11 42% 
BrettPhos benzene 1.99 4.62 6.61 41% 
t-BuXPhos THF 1.67 4.04 5.71 - 
t-BuBrettPhos benzene 0.26 5.25 5.51 - 
CataCXium POMetB THF 2.09 3.40 5.48 - 
BrettPhos trifluorotoluene 0.96 4.08 5.04 - 
BrettPhos THF 0.41 4.57 4.98 - 
t-BuXPhos trifluorotoluene 0.48 4.29 4.77 - 
JohnPhos CPME 2.79 1.93 4.72 - 
BrettPhos dioxane 1.76 2.80 4.56 - 
JohnPhos dioxane 3.25 1.21 4.46 - 
CataCXium POMetB trifluorotoluene 0.58 3.73 4.32 - 
JohnPhos THF 2.20 1.40 3.60 - 
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BrettPhos tBuOH 0.37 3.22 3.59 - 
CataCXium POMetB tBuOH 0.31 2.86 3.18 - 
JohnPhos tBuOH 1.96 1.08 3.04 - 
t-BuXPhos tBuOH 0.14 2.65 2.79 - 
CataCXium POMetB dioxane 0.00 2.68 2.68 - 
JohnPhos trifluorotoluene 1.06 0.95 2.01 - 
BrettPhos toluene 1.95 0.00 1.95 - 
CataCXium POMetB benzene 0.32 1.62 1.94 - 
t-BuBrettPhos trifluorotoluene 0.17 1.54 1.70 - 
JohnPhos toluene 1.69 0.00 1.69 - 
CataCXium POMetB dichlorobenzene 0.00 1.52 1.52 - 
t-BuBrettPhos dioxane 0.37 1.12 1.49 - 
t-BuXPhos dichlorobenzene 0.00 1.27 1.27 - 
JohnPhos benzene 0.73 0.53 1.26 - 
t-BuBrettPhos tBuOH 0.00 1.05 1.05 - 
(t-Bu)3P HBF4 dioxane 0.58 0.43 1.01 - 
(t-Bu)3P HBF4 benzene 1.00 0.00 1.00 - 
XantPhos tBuOH 0.98 0.00 0.98 - 
XPhos benzene 0.00 0.88 0.88 - 
XPhos CPME 0.13 0.63 0.76 - 
t-BuXPhos toluene 0.67 0.00 0.67 - 
BrettPhos dichlorobenzene 0.00 0.66 0.66 - 
QPhos CPME 0.00 0.57 0.57 - 
t-BuBrettPhos dichlorobenzene 0.00 0.57 0.57 - 
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(t-Bu)3P HBF4 tBuOH 0.00 0.56 0.56 - 
(t-Bu)3P HBF4 THF 0.00 0.54 0.54 - 
XPhos tBuOH 0.06 0.44 0.51 - 
XPhos THF 0.22 0.28 0.50 - 
QPhos dichlorobenzene 0.23 0.25 0.48 - 
(t-Bu)3P HBF4 CPME 0.00 0.48 0.48 - 
dppf THF 0.00 0.40 0.40 - 
QPhos dioxane 0.17 0.20 0.37 - 
QPhos benzene 0.00 0.32 0.32 - 
XPhos dioxane 0.00 0.31 0.31 - 
XPhos trifluorotoluene 0.15 0.15 0.31 - 
QPhos THF 0.00 0.29 0.29 - 
QPhos trifluorotoluene 0.00 0.27 0.27 - 
t-BuBrettPhos toluene 0.24 0.00 0.24 - 
(t-Bu)3P HBF4 toluene 0.22 0.00 0.22 - 
CataCXium POMetB toluene 0.22 0.00 0.22 - 
(t-Bu)3P HBF4 trifluorotoluene 0.00 0.19 0.19 - 
dppf trifluorotoluene 0.00 0.14 0.14 - 
SPhos THF 0.13 0.00 0.13 - 
XPhos toluene 0.12 0.00 0.12 - 
QPhos tBuOH 0.00 0.08 0.08 - 
SPhos tBuOH 0.06 0.00 0.06 - 
(t-Bu)3P HBF4 dichlorobenzene 0.00 0.00 0.00 - 
CataCXium A dioxane 0.00 0.00 0.00 - 
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CataCXium A benzene 0.00 0.00 0.00 - 
CataCXium A toluene 0.00 0.00 0.00 - 
CataCXium A THF 0.00 0.00 0.00 - 
CataCXium A dichlorobenzene 0.00 0.00 0.00 - 
CataCXium A trifluorotoluene 0.00 0.00 0.00 - 
CataCXium A CPME 0.00 0.00 0.00 - 
CataCXium A tBuOH 0.00 0.00 0.00 - 
dppf dioxane 0.00 0.00 0.00 - 
dppf benzene 0.00 0.00 0.00 - 
dppf toluene 0.00 0.00 0.00 - 
dppf dichlorobenzene 0.00 0.00 0.00 - 
dppf CPME 0.00 0.00 0.00 - 
dppf tBuOH 0.00 0.00 0.00 - 
JohnPhos dichlorobenzene 0.00 0.00 0.00 - 
QPhos toluene 0.00 0.00 0.00 - 
SPhos dioxane 0.00 0.00 0.00 - 
SPhos benzene 0.00 0.00 0.00 - 
SPhos toluene 0.00 0.00 0.00 - 
SPhos dichlorobenzene 0.00 0.00 0.00 - 
SPhos trifluorotoluene 0.00 0.00 0.00 - 
SPhos CPME 0.00 0.00 0.00 - 
t-BuBrettPhos THF 0.00 0.00 0.00 - 
t-BuBrettPhos CPME 0.00 0.00 0.00 - 
XantPhos dioxane 0.00 0.00 0.00 - 
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XantPhos benzene 0.00 0.00 0.00 - 
XantPhos toluene 0.00 0.00 0.00 - 
XantPhos THF 0.00 0.00 0.00 - 
XantPhos dichlorobenzene 0.00 0.00 0.00 - 
XantPhos trifluorotoluene 0.00 0.00 0.00 - 
XantPhos CPME 0.00 0.00 0.00 - 
XPhos dichlorobenzene 0.00 0.00 0.00 - 
a Validation was performed at 0.2 mmol scale, using 4-bromotoluene and 5 mol% Pd2(dba)3, following the 
general procedure as described on page 45. Isolated yield refers to the isolated yield after Nef reaction. The 
Nef reaction was performed as per the general procedure described on page 46. b Average yield of two 
trials. 
Table 1.9. Raw Data Table of Results from Second 96-Well Plate Screen, Sorted by Product over 
Internal Standard Ratio1 
 
 Next, a 24-well screen followed the above procedure using 5 mol% Pd2(dba)3, 20 
mol% phosphine ligands (10 mol% for bidentate phosphine ligands), 1.2 equivalents base, 
1.1 equivalents 4-bromotoluene, 1.0 equivalents phenyl nitromethane, and 0.2 M in CPME 
(50 µL total solvent). Conditions tested: 12 bases, 2 solvents. The plate was heated at 
80°C for 18 h. Results are shown below in Table 1.10. 
Base Set: K3PO4, NaOMe, KHCO3, KOAc, KOt-Bu, KOH, KHMDS, K2CO3, Cs2CO3, 
Na2CO3, DIPEA, DBU 
Ligand Set: CataCXium POMetB, t-BuXPhos 
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Ligand Base 
Product 
/ IS 
Benzophenone 
/ IS 
Sum of 
Products 
/ IS 
Validation 
(Isolated 
Yield)a 
t-BuXPhos K2CO3 0.23 0.00 1.05 94% 
t-BuXPhos KHCO3 0.08 0.00 1.01 70%b 
t-BuXPhos K3PO4 0.12 0.00 1.00 70%c 
t-BuXPhos Cs2CO3 0.26 0.00 0.99 61% 
t-BuXPhos KOH 0.00 0.00 0.96 71% 
CataCXium POMetB K3PO4 0.17 0.00 0.92 - 
CataCXium POMetB Cs2CO3 0.27 0.00 0.83 - 
t-BuXPhos KOAc 0.06 0.00 0.80 - 
t-BuXPhos KOt-Bu 0.26 0.51 0.77 - 
t-BuXPhos Na2CO3 0.02 0.00 0.72 - 
t-BuXPhos i-Pr2NEt 0.00 0.00 0.70 - 
t-BuXPhos KHMDS 0.21 0.44 0.65 - 
CataCXium POMetB i-Pr2NEt 0.00 0.00 0.64 - 
CataCXium POMetB KOt-Bu 0.15 0.47 0.62 - 
CataCXium POMetB K2CO3 0.09 0.40 0.49 - 
CataCXium POMetB KOH 0.03 0.39 0.42 - 
CataCXium POMetB KHMDS 0.25 0.00 0.25 - 
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CataCXium POMetB KOAc 0.06 0.00 0.06 - 
CataCXium POMetB KHCO3 0.04 0.00 0.04 - 
CataCXium POMetB NaOMe 0.00 0.00 0.00 - 
CataCXium POMetB Na2CO3 0.00 0.00 0.00 - 
CataCXium POMetB DBU 0.00 0.00 0.00 - 
t-BuXPhos NaOMe 0.00 0.00 0.00 - 
t-BuXPhos DBU 0.00 0.00 0.00 - 
a Validation was performed at 0.2 mmol scale, with 5 mol% Pd2(dba)3, following the general procedure as 
described on page 45. Isolated yield refers to the isolated yield after Nef reaction. The Nef reaction was 
performed as per the general procedure described on page 46. b Reaction time for cross-coupling was 10 h. 
c Average yield of two trials. 
Table 1.10. Raw Data Table of Results from 24-Well Plate Screen of Bases, Sorted by Product 
over Internal Standard Ratio1 
 
Synthesis of Diaryl Nitromethanes, Benzophenones, and Diaryl Methyl Amines 
General Procedure A 
 In a glovebox, a flame-dried microwave vial containing a magnetic stirbar was 
charged with K2CO3 (46.7 mg, 0.34 mmol), Pd2(dba)3 (12.9 mg, 0.014 mmol), t-BuXPhos 
(24.0 mg, 0.056 mmol), the aryl nitromethane14a (if a solid) (0.28 mmol), and the aryl halide 
(if a solid) (0.31 mmol). The vial was capped and brought out of the glovebox. CPME (1.4 
mL) was added via syringe, followed by the aryl halide (if a liquid) (0.31 mmol) and the 
aryl nitromethane14a (if a liquid) (0.28 mmol). The vial was heated to 80 °C in an oil bath 
with vigorous stirring. Upon consumption of the aryl nitromethane, as monitored by TLC 
or 1H NMR, the reaction mixture was allowed to cool to 25 °C, then quenched with 1.0 mL 
of 1.0 M HCl. This mixture was diluted with H2O and extracted with CH2Cl2 (3 x 20 mL). 
The combined organic layers were dried over MgSO4 and concentrated in vacuo. Crude 
diaryl nitromethanes 1.17, 1.35, 1.42 – 1.46, and 1.48 – 1.49 were taken directly to either 
general procedure B or C. Crude diaryl nitromethanes 1.27 – 1.34 were chromatographed 
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to afford the pure diaryl nitromethanes 1.27 – 1.34. 
 
General Procedure B  
 The general procedure A was followed to generate the crude diaryl nitromethane. 
The crude diaryl nitromethane (0.28 mmol) was charged to a 25 mL round-bottom flask 
containing a magnetic stirbar. The residue was dissolved in MeOH (1.7 mL). A slurry of 
Na2HPO4 (160.1 mg, 1.13 mmol) in 1.0 M aqueous NaOH (2.0 mL) was charged, and the 
reaction mixture was stirred for 1 hour. Next, a solution of Oxone® (173.4 mg, 0.28 mmol) 
in deionized H2O (0.9 mL) was charged and the reaction mixtures was stirred for 1 hour 
further. Finally, 5.0 M aqueous HCl (6.0 mL) was charged and the reaction mixture was 
stirred for an additional 30 minutes. The reaction mixture was diluted with H2O and 
extracted with CH2Cl2 (2 x 25 mL). The combined organic layers were washed with 
saturated brine (2 x 30 mL). The organic layers were then dried over MgSO4 and 
concentrated in vacuo. The resulting residue was purified by flash column chromatography 
to afford the pure benzophenones 1.18 – 1.26.19 
 
General Procedure C  
 The general procedure A was followed to generate the crude diaryl nitromethane. 
The unpurified diaryl nitromethane (0.28 mmol) was charged to a 25 mL round-bottom 
flask containing a magnetic stirbar. The residue was dissolved in glacial AcOH (2.0 mL). 
To this solution was added purified zinc dust (4 x 6 equivalents, in 30 minute intervals) at 
25 °C. The reaction mixture was stirred for 16 h. The reaction was quenched with saturated 
aqueous K2CO3 and extracted with EtOAc (3 x 15mL), dried with MgSO4, and 
concentrated in vacuo. The resulting residue was purified by flash column chromatography 
to afford the pure diarylmethanamines 1.36 – 1.39.13b 
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Synthesis of Benzophenones 1.18 – 1.26: 
 
Phenyl(p-tolyl)methanone (1.18)  
 The general procedure A was modified to a scale of 0.474 mmol of phenyl 
nitromethane (1.13)35 and 4-bromotoluene, with a reaction time of 24 h. The crude diaryl 
nitromethane product 1.17 was taken forward, where general procedure B was followed. 
Purification by chromatography (50% CH2Cl2/hexanes) provided the title compound as a 
beige solid (87.1 mg, 94%). All spectra were in agreement with the published literature 
values.36 
 
Naphthalen-2-yl(p-tolyl)methanone (1.19) 
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 2-bromonaphthalene, with a reaction time of 28 h. The crude diaryl 
nitromethane product 1.42 was taken forward, where the general procedure B was 
followed. Purification by chromatography (25% CH2Cl2/hexanes) provided the title 
compound as a yellow solid (40.6 mg, 58%). All spectra were in agreement with the 
                                                     
35 Ando, K.; Shimazu, Y.; Seki, N.; Yamataka, H., Kinetic Study of Proton-Transfer Reactions of 
Phenylnitromethanes. Implication for the Origin of Nitroalkane Anomaly. J. Org. Chem. 2011, 76 
(10), 3937-3945. 
36 Wu, J.; Yang, X.; He, Z.; Mao, X.; Hatton, T. A.; Jamison, T. F., Continuous Flow Synthesis of 
Ketones from Carbon Dioxide and Organolithium or Grignard Reagents. Angew. Chem. Int. Ed. 
2014, 53 (32), 8416-8420. 
37 All spectra were in agreement with published literature values: Bug, T.; Lemek, T.; Mayr, H., 
Nucleophilicities of Nitroalkyl Anions. J. Org. Chem. 2004, 69 (22), 7565-7576. 
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published literature values.38,39  
 
Benzofuran-5-yl(p-tolyl)methanone (1.20) 
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 5-bromobenzofuran, with a reaction time of 16 h. The crude diaryl 
nitromethane product 1.41 was taken forward, where the general procedure B was 
followed. Purification by chromatography (55% CH2Cl2/hexanes) provided the title 
compound as a beige solid (27.7 mg, 42%). mp: 81.5-83  °C ; 1H NMR (500 MHz, CDCl3) 
δ 8.08 (d, J = 1.5 Hz, 1H), 7.83 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.72 
(d, J = 2.0 Hz, 1H), 7.59 (d, J = 9.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 6.86 (dd, J = 2.3 Hz, 
1.0 Hz, 1H), 2.47 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 196.6, 157.3, 146.5, 143.1, 135.7, 
133.4, 130.5, 129.1, 127.4, 126.9, 124.5, 111.5, 107.4, 21.9;  IR (thin film) 3114, 2921, 
2851, 1651, 1608, 1439, 1295 cm-1; HRMS (ESI) calculated for C16H13O2 [M+H]+, m/z = 
237.0916; found 237.0916. 
 
(3-Nitrophenyl)(p-tolyl)methanone (1.21)  
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 1-bromo-3-nitrobenzene, with a reaction time of 18 h. The crude diaryl 
                                                     
38 Liu, J.; Zhou, X.; Rao, H.; Xiao, F.; Li, C.-J.; Deng, G.-J., Direct Synthesis of Aryl Ketones by 
Palladium-Catalyzed Desulfinative Addition of Sodium Sulfinates to Nitriles. Chem. Eur. J. 2011, 
17 (29), 7996-7999. 
39 Villalobos, J. M.; Srogl, J.; Liebeskind, L. S., A New Paradigm for Carbon−Carbon Bond 
Formation:  Aerobic, Copper-Templated Cross-Coupling. J. Am. Chem. Soc. 2007, 129 (51), 
15734-15735. 
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nitromethane product 1.44 was taken forward, where the general procedure B was 
followed. Purification by chromatography (40% CH2Cl2/hexanes) provided the title 
compound as a yellow powder (29.7 mg, 58%). IR (neat) 3057, 1662, 1534, 1265, 736 cm-
1; HRMS (CI) calculated for C14H11NO3 [M]+, m/z = 241.0739; found 241.0735. All spectra 
were in agreement with the published literature values.40,41 
 
(3,5-Dimethylphenyl)(p-tolyl)methanone (1.22)  
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 1-bromo-3,5-dimethylbenzene, with a reaction time of 19 h. The crude diaryl 
nitromethane product 1.45 was taken forward, where the general procedure B was 
followed. Purification by chromatography (50% CH2Cl2/hexanes) provided the title 
compound as a white solid (45.3 mg, 72%). 1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.0 
Hz, 2H), 7.39 (s, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.22 (s, 1H), 2.45 (s, 3H), 2.38 (s, 6H); 13C 
NMR (126 MHz, CDCl3) δ 197.1, 143.2, 138.3, 138.1, 135.4, 134.0, 130.5, 129.1, 127.9, 
29.9, 21.4;  IR (thin film) 3054, 2986, 2926, 1655, 1265, 739 cm-1; HRMS (CI) calculated 
for C16H17O [M+H]+, m/z = 225.1279; found 225.1278.42 
                                                     
40 Faridoon; Hussein, W. M.; Vella, P.; Islam, N. U.; Ollis, D. L.; Schenk, G.; McGeary, R. P., 3-
Mercapto-1,2,4-triazoles and N-Acylated Thiosemicarbazides as Metallo-β-Lactamase Inhibitors. 
Bioorg. Med. Chem. Lett. 2012, 22 (1), 380-386. 
41 Zheng, H.; Ding, J.; Chen, J.; Liu, M.; Gao, W.; Wu, H., Copper-Catalyzed Arylation of 
Arylboronic Acids with Aldehydes. Synlett 2011, 2011 (11), 1626-1630. 
42 Truce, W. E.; Ray, W. J.; Norman, O. L.; Eickemeyer, D. B., Rearrangements of Aryl Sulfones. 
The Metalation and Rearrangement of Mesityl Phenyl Sulfone. J. Am. Chem. Soc. 1958, 80 (14), 
3625-3629. 
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Di-p-tolylmethanone (1.23)  
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 4-bromotoluene, with a reaction time of 20 h. The crude diaryl nitromethane 
product 1.35 was taken forward, where general procedure B was followed. Purification by 
chromatography (50% CH2Cl2/hexanes) provided the title compound as a white solid (36.6 
mg, 62%). All spectra were in agreement with the published literature values.43,44 
 
(4-Methoxyphenyl)(p-tolyl)methanone (1.24)  
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 4-bromoanisole, with a reaction time of 20 h. The crude diary nitromethane 
product 1.46 was taken forward, where the general procedure B was followed. Purification 
by chromatography (65% CH2Cl2/hexanes) provided the title compound as a yellow solid 
(47.7 mg, 75%). All spectra were in agreement with the published literature values.45,46  
                                                     
43 Zhou, Q.; Wei, S.; Han, W., In Situ Generation of Palladium Nanoparticles: Ligand-Free 
Palladium Catalyzed Pivalic Acid Assisted Carbonylative Suzuki Reactions at Ambient 
Conditions. J. Org. Chem. 2014, 79 (3), 1454-1460. 
44 Rao, M. L. N.; Venkatesh, V.; Dasgupta, P., Oxalyl Chloride as Carbonyl Synthon in Pd-
Catalyzed Carbonylations of Triarylbismuth and Triarylindium Organometallic Nucleophiles. 
Tetrahedron Lett. 2010, 51 (38), 4975-4980. 
45 Zhang, Z.; Lindale, M. G.; Liebeskind, L. S., Mobilizing Cu(I) for Carbon−Carbon Bond Forming 
Catalysis in the Presence of Thiolate. Chemical Mimicking of Metallothioneins. J. Am. Chem. Soc. 
2011, 133 (16), 6403-6410. 
46 Li, H.; Xu, Y.; Shi, E.; Wei, W.; Suo, X.; Wan, X., Synthesis of Arylketones by Ruthenium-
Catalyzed Cross-Coupling of Aldehydes with Arylboronic acids. Chem. Commun. 2011, 47 (27), 
7880-7882. 
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(3-Methoxyphenyl)(3-nitrophenyl)methanone (1.25)  
 The general procedure A was followed, using 3-methoxy-1-(nitromethyl)benzene 
(1.47)37 and 1-bromo-3-nitrobenzene, with a reaction time of 15 h. The crude diaryl 
nitromethane product 1.48 was taken forward, where the general procedure B was 
followed. Purification by chromatography (50% CH2Cl2/hexanes) provided the title 
compound as a beige semi-solid (42.8 mg, 60%). IR (neat) 2926, 1609, 1510, 1264, 810, 
704 cm-1; HRMS (CI) calculated for C14H11NO4 [M]+, m/z = 257.0688; found 257.0686. All 
spectra were in agreement with the published literature values.47 
 
p-Tolyl(3-(trifluoromethyl)phenyl)methanone (1.26)  
 The general procedure A was followed, using 1-methyl-4-(nitromethyl)benzene 
(1.40)37 and 3-bromobenzotrifluoride, with a reaction time of 21 h. The crude diaryl 
nitromethane product 1.49 was taken forward, where the general procedure B was 
followed. Purification by chromatography (40% CH2Cl2/hexanes) provided the title 
compound as a white powder (35.1 mg, 47%). 1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 
7.97 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 2H), 7.63 (dd, J = 
7.9 Hz, 7.9 Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H), 2.47 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 
195.2, 144.2, 138.9, 134.3, 133.2, 131.1 (q, J = 34.0 Hz), 130.5, 129.5, 129.1, 128.1 (q, J 
                                                     
47 Inamoto, K.; Saito, T.; Katsuno, M.; Sakamoto, T.; Hiroya, K., Palladium-Catalyzed C−H 
Activation/Intramolecular Amination Reaction: A New Route to 3-Aryl/Alkylindazoles. Org. Lett. 
2007, 9 (15), 2931-2934. 
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= 3.4 Hz), 126.8 (q, J = 3.8 Hz), 123.9 (q, J = 272.5 Hz), 21.9;  IR (thin film) 3048, 2961, 
2924, 1652, 1129, 746 cm-1; HRMS (CI) calculated for C15H12F3O [M+H]+, m/z = 265.0840; 
found 265.0832.48  
 
Synthesis of Diaryl Nitromethanes (1.17, 1.27 – 1.35, 1.42 – 1.46, 1.48 – 1.49): 
 
1-Methoxy-3-(nitro(p-tolyl)methyl)benzene (1.27a)  
 The general procedure A was followed with a reaction time of 18 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and 3-bromoanisole. Purification by 
chromatography (30% CH2Cl2/hexanes) provided the title compound as a pale yellow oil 
(62.3 mg, 86%). 1H NMR (500 MHz, CDCl3) δ 7.33 (dd, J = 8.0 Hz, 8.0 Hz, 1H), 7.28 (d, J 
= 8.2 Hz, 2H), 7.23 (d, J = 8.2 Hz, 2H), 6.953 (d, J = 8.0 Hz, 1H), 6.949 (d, J = 8.0 Hz, 
1H), 6.90 (dd, J = 2.0 Hz, 2.0 Hz, 1H), 6.75 (s, 1H), 3.81 (s, 3H), 2.39 (s, 3H); 13C NMR 
(126 MHz, CDCl3) δ 160.1, 139.8, 136.1, 131.5, 130.2, 129.8, 128.7, 120.7, 114.9, 114.3, 
94.5, 55.6, 21.4; IR (neat) 2922, 1553, 1357, 1265, 738 cm-1; HRMS (ESI) calculated for 
C15H15O [M-NO2]+, m/z = 211.1123; found 211.1118. 
 
1-Methyl-4-(nitro(4-(trifluoromethyl)phenyl)methyl)benzene (1.28a) 
 The general procedure A was followed with a reaction time of 21 hours, using 1-
                                                     
48 Lichtenberger, J.; Weiss, F., Sur les Dérivés du Phénylfluoroforme - Les Trifluorométhyl-
Benzophénones. Bull. Soc. Chim. Fr. 1962, 587-593. 
45 
 
methyl-4-(nitromethyl)benzene (1.40)37 and 4-bromobenzotrifluoride. Purification by 
chromatography (20% CH2Cl2/hexanes) provided the title compound as a pale oil (48.2 
mg, 58%). 1H NMR (360 MHz, acetone-D6) δ 7.83 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.3 Hz, 
2H), 7.37 (d, J = 7.9 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.23 (s, 1H), 2.37 (s, 3H); 13C NMR 
(126 MHz, CDCl3) δ 140.4, 138.4, 131.8 (q, J = 33.0 Hz), 130.9, 130.1, 128.9, 128.6, 126.1 
(q, J = 3.6 Hz), 123.9 (q, J = 272.5 Hz), 93.9, 21.4; IR (neat) 3050, 2921, 1557, 1326, 739 
cm-1; HRMS (ESI) calculated for C15H11NO2F3 [M-H]-, m/z = 294.0742; found 294.0748. 
 
1-(5-(Nitro(p-tolyl)methyl)-1H-indol-1-yl)ethan-1-one (1.29) 
 The general procedure A was followed with a reaction time of 18 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and 1-(5-bromo-1H-indol-1-yl)ethan-1-one. 
Purification by chromatography (50% CH2Cl2/hexanes) provided the title compound as a 
yellow oil (49.9 mg, 57%). 1H NMR (500 MHz, acetone-D6) δ 8.45 (d, J = 8.5 Hz, 1H), 7.83 
(d, J = 3.5 Hz, 1H), 7.69 (d, J = 1.5 Hz, 1H), 7.43 (dd, J = 1.5 Hz, 8.7 Hz, 1H), 7.37 (d, J 
= 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 7.17 (s, 1H), 6.75 (d, J = 3.5 Hz, 1H), 2.69 (s, 3H), 
2.36 (s, 3H); 13C NMR (126 MHz, acetone-D6) δ 170.5, 140.6, 137.1, 134.0, 132.3, 131.7, 
130.9, 129.8, 129.2, 126.4, 122.5, 117.8, 109.6, 95.4, 24.5, 21.7; IR (thin film) 3029, 2957, 
2924, 1714, 1515, 1366, 755, 723 cm-1; HRMS (ESI) calculated for C18H15N2O3 [M-H]-, m/z 
= 307.1083; found 307.1089. 
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(4-(Nitro(p-tolyl)methyl)phenyl)(phenyl)methanone (1.30)  
 The general procedure A was followed with a reaction time of 28 hours, using (4-
(nitromethyl)phenyl)(phenyl)methanone) (1.50)14a and 4-bromotoluene. Purification by 
chromatography (60% CH2Cl2/hexanes) provided the title compound as a pale yellow oil 
(53.6 mg, 57%). 1H NMR (500 MHz, CDCl3) 7.85 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 8.0 Hz, 
2H), 7.64-7.61 (m, 1H), 7.52-7.48 (m, 4H), 7.30-7.25 (m, 4H), 6.84 (s, 1H), 2.40 (s, 3H); 
13C NMR (126 MHz, CDCl3) 196.0, 140.3, 138.64, 138.59, 137.3, 133.0, 131.0, 130.7, 
130.3, 130.0, 128.7, 128.6, 128.4, 94.2, 21.4; IR (thin film) 3062, 2957, 2921, 1660, 1553, 
1279, 796, 783 cm-1; HRMS (ESI) calculated for C21H18NO3 [M+H]+, m/z = 332.1287; found 
332.1285. 
 
1-Methoxy-3-(nitro(m-tolyl)methyl)benzene (1.31)  
 The general procedure A was followed with a reaction time of 17 hours, using 3-
methyl-1-(nitromethyl)benzene (1.51)49 and 3-bromoanisole. Purification by 
chromatography (25% CH2Cl2/hexanes) provided the title compound as a pale oil (57.1 
mg, 79%). 1H NMR (500 MHz, CDCl3) δ 7.34 (dd, J = 8.0 Hz, 8.0 Hz, 1H), 7.31 (dd, J = 
6.9 Hz, 6.9 Hz, 1H), 7.24-7.17 (m, 3H), 6.96-6.95 (m, 2H), 6.91 (dd, J = 2.0 Hz, 2.0 Hz, 
1H), 6.75 (s, 1H), 3.81 (s, 3H), 2.37 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 160.1, 139.0, 
135.9, 134.3, 130.5, 130.2, 129.2, 129.0, 125.7, 120.9, 114.9, 114.5, 94.7, 55.6, 21.6; IR 
(thin film) 3006, 2960, 2937, 2924, 1556, 1357, 1164, 767, 740 cm-1; HRMS (ESI) 
calculated for C15H15O [M-NO2]+, m/z = 211.1123; found 211.1121. 
                                                     
49 IR (thin film) 3028, 2918, 1553, 1374, 764, 719 cm-1; HRMS (CI) calculated for C8H9 [M-NO2]+, 
m/z = 105.0704; found 105.0701. All other spectra were in agreement with the published 
literature values found in reference 35. 
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1-Methoxy-3-(nitro(p-tolyl)methyl)benzene (1.27b, ArBr) 
 The general procedure A was followed, with a reaction time of 17 hours, using 1-
methoxy-3-(nitromethyl)benzene (1.47)50 and 4-bromotoluene. Purification by 
chromatography (25% CH2Cl2/hexanes) provided the title compound as a pale yellow oil 
(64.4 mg, 89%). All spectra were in agreement with that of 1.27a (see above). 
 
1-Methoxy-3-(nitro(p-tolyl)methyl)benzene (1.27c, ArCl) 
 The general procedure A was followed, with a reaction time of 17 hours, using 1-
methoxy-3-(nitromethyl)benzene (1.47)50 and 4-chlorotoluene. Purification by 
chromatography (25% CH2Cl2/hexanes) provided the title compound as a pale yellow oil 
(55.7 mg, 76%). All spectra were in agreement with that of 1.27a (see above). 
 
1-Nitro-3-(nitro(p-tolyl)methyl)benzene (1.32)  
 The general procedure A was followed with a reaction time of 18 hours, using 3-
nitro-1-(nitromethyl)benzene (1.52)37 and 4-bromotoluene. Purification by 
chromatography (50% CH2Cl2/hexanes) provided the title compound as a yellow oil (44.9 
mg, 58%). 1H NMR (360 MHz, acetone-d6) δ 8.34-8.31 (m, 2H), 7.95 (d, J = 7.6 Hz, 1H), 
                                                     
50 All spectra were in agreement with the published literature values: Hauser, F. M.; Baghdanov, 
V. M., Convenient Preparation of Ring-Methoxylated Phenylnitromethanes. J. Org. Chem. 1988, 
53 (12), 2872-2873. 
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7.80 (ddd, J = 11.5 Hz, 3.8 Hz, 3.8 Hz, 1H), 7.40 (d, J = 8.3 Hz, 2H), 7.33 (m, 2H), 7.31 
(s, 1H), 2.37 (s, 3H); 13C NMR (90 MHz, acetone-D6) δ 140.8, 138.0, 135.9, 132.4, 131.4, 
130.8, 130.3, 129.2, 125.1, 124.5, 93.3, 21.2; IR (neat) 2923, 1555, 1531, 1351, 726 cm-
1; HRMS (ESI) calculated for C14H11N2O4 [M-H]-, m/z = 271.0719; found 271.0726. 
 
Ethyl 4-(nitro(p-tolyl)methyl)benzoate (1.33) 
 The general procedure A was followed with a reaction time of 21 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and ethyl 4-bromobenzoate. Purification by 
chromatography (45% CH2Cl2/hexanes) provided the title compound as a pale oil (51.0 
mg, 60%). 1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 
7.24 (m, 4H), 6.81 (s, 1H), 4.40 (q, J = 7.2 Hz, 2H), 2.39 (s, 3H), 1.41 (t, J = 7.2 Hz, 3H); 
13C NMR (90 MHz, CD2Cl2) δ 166.2, 140.7, 139.5, 132.2, 131.6, 130.5, 130.3, 129.1, 
128.8, 94.5, 61.8, 21.5, 14.7; IR (neat) 3056, 1718, 1556, 1278, 1108, 739 cm-1; HRMS 
(CI) calculated for C17H17O3 [M-NO2]+, m/z = 269.1178; found 269.1180. 
 
1-Methoxy-4-(nitro(4-(trifluoromethyl)phenyl)methyl)benzene (1.34).  
 The general procedure A was followed with a reaction time of 20.5 hours, using 4-
methoxy-1-(nitromethyl)benzene (1.53)50 and 4-bromobenzotrifluoride. Purification by 
chromatography (40% CH2Cl2/hexanes) provided the title compound as a pale yellow oil 
(48.9 mg, 56%). 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.3 Hz, 
2H), 7.30 (d, J, J = 9.0 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 6.80 (s, 1H), 3.84 (s, 3H); 13C 
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NMR (126 MHz, CDCl3) δ161.0, 138.6, 131.7 (q, J = 32.7 Hz), 130.4, 128.7, 126.2 (q, J = 
4.2 Hz), 125.8, 123.9 (q, J = 272.9 Hz), 114.7, 93.7, 55.6; IR (thin film) 2962, 2936, 1557, 
1327, 836, 822 cm-1; HRMS (CI) calculated for C15H13NO3F3 [M+H]+, m/z = 312.0848; 
found 312.0844. 
 
1-Methyl-4-(nitro(4-(trifluoromethyl)phenyl)methyl)benzene (1.28b)  
 The general procedure A was followed with a reaction time of 20 hours, using 1-
(nitromethyl)-4-(trifluoromethyl)benzene (1.54)14a and 4-bromotoluene. Purification by 
chromatography (25% CH2Cl2/hexanes) provided the title compound as a yellow oil (60.6 
mg, 73%). All spectra were in agreement with that of 1.28a (see above). 
 
Synthesis of Diarylmethanamines 1.36 – 1.39:  
 
Di-p-tolylmethanamine (1.36)  
 The general procedure A was followed with a reaction time of 21 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and 4-bromotoluene. The crude diaryl 
nitromethane product 1.35 was taken forward, where general procedure C was followed. 
Purification by chromatography (90% EtOAc/hexanes) provided the title compound as a 
light yellow solid (36.5 mg, 61%). All spectra were in agreement with the published 
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literature values.51-53 
 
(3,5-Dimethylphenyl)(p-tolyl)methanamine (1.37) 
 The general procedure A was followed with a reaction time of 20 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and 1-bromo-3,5-dimethylbenzene. The crude 
diaryl nitromethane product 1.45 was taken forward, where general procedure C was 
followed. Purification by chromatography (5% MeOH/CH2Cl2) provided the title compound 
as a pale yellow oil (39.6 mg, 62%). 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 7.8 Hz, 2H), 
7.12 (d, J = 7.8 Hz, 2H), 6.98 (s, 2H), 6.89 (s, 1H), 5.16 (s, 1H), 3.57 (br s, 2H), 2.33 (s, 
3H), 2.27 (s, 3H); 13C NMR (125.8 MHz, CDCl3) δ 145.1, 142.2, 138.2, 136.8, 129.4, 128.9, 
127.0, 124.8, 59.4, 21.6, 21.3; IR (thin film) 3380, 3017, 2919, 2859, 1606, 1455, 854, 
820, 754 cm-1; HRMS (CI) calculated for C16H17 [M-NH2]+, m/z = 209.1330; found 
209.1325. 
 
Naphthalen-2-yl(p-tolyl)methanamine (1.38)  
 The general procedure A was followed with a reaction time of 30 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and 4-bromoanisole. The crude diaryl 
                                                     
51 Zhang, Y.; Lu, Z.; Desai, A.; Wulff, W. D., Mapping the Active Site in a Chemzyme: Diversity in 
the N-Substituent in the Catalytic Asymmetric Aziridination of Imines. Org. Lett. 2008, 10 (23), 
5429-5432. 
52 Laurent, M.; Marchand-Brynaert, J., A Practical Synthesis of Para Di- and Mono-Substituted 
Benzhydrylamines from Benzhydrol Precursors. Synthesis 2000, 2000 (05), 667-672. 
53 Gattermann, L.; Schnitzspahn, K., Ueber die Constitution des Sesquichlorhydrates der 
Blausäure und Dessen Synthetische Verwendung. Chem. Ber. 1898, 31 (2), 1770-1774. 
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nitromethane product 1.42 was taken forward, where general procedure C was followed. 
Purification by chromatography (5% MeOH/CH2Cl2) provided the title compound as a 
beige semi-solid (30.6 mg, 44%). 1H NMR (500 MHz, CDCl3) δ 7.89 (s, 1H), 7.84 – 7.79 
(m, 2H), 7.76 (d, J = 8.5 Hz, 1H), 7.49 – 7.44 (m, 2H), 7.40 (dd, J = 8.5 Hz, 1.5 Hz, 1H), 
7.28 (d, J = 7.8 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 5.38 (s, 1H), 4.29 (br s, 2H), 2.33 (s, 
3H); 13C NMR (126 MHz, CDCl3) δ 142.0, 141.4, 137.1, 133.6, 132.8, 129.5, 128.5, 128.2, 
127.8, 127.2, 126.3, 126.0, 125.7, 125.3, 59.5, 21.3; IR (neat) 3287, 3053, 3022, 2922, 
2855, 1603, 1404, 818, 765 cm-1; HRMS (ESI) calculated for C18H15 [M-NH2]+, m/z = 
231.1174; found 2321.1171. 
 
(4-Methoxyphenyl)(p-tolyl)methanamine (1.39)  
 The general procedure A was followed with a reaction time of 20 hours, using 1-
methyl-4-(nitromethyl)benzene (1.40)37 and 4-bromoanisole. The crude diaryl 
nitromethane product 1.46 was taken forward, where general procedure C was followed. 
Purification by chromatography (5% MeOH/CH2Cl2) provided the title compound as a light 
pink semi-solid (42.4 mg, 66%). 1H NMR (500 MHz, CDCl3) δ 7.28 (d, J = 9.0 Hz, 2H), 
7.24 (d, J = 7.7 Hz, 2H), 7.12 (d, J = 7.7 Hz, 2H), 6.84 (d, J = 9.0 Hz, 2H), 5.71 (br s, 2H), 
5.20 (s, 1H), 3.78 (s, 3H), 2.32 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 159.1, 139.9, 137.3, 
135.0, 129.5, 128.5, 127.1, 114.2, 58.5, 55.4, 21.3; IR (thin film) 3725, 3627, 3053, 2924, 
2839, 1610, 1265, 808 cm-1; HRMS (CI) calculated for C15H16NO [M-H]+, m/z = 226.1232; 
found 226.1234. 
 
One Pot Diarylation of Nitromethane:  
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1-Methoxy-3-(nitro(p-tolyl)methyl)-benzene (1.27d) 
 Step 1: In a glovebox, a flame-dried microwave vial containing a magnetic stirbar 
was charged with 4-bromotoluene (68.4 mg, 0.4 mmol), Pd2(dba)3 (9.2 mg, 0.01 mmol), 
XPhos (11.4 mg, 0.024 mmol), and K3PO4 (101.9 mg, 0.48 mmol). The vial was capped 
and brought out of the glovebox. 1,4-dioxane (2.0 mL) was added via syringe, followed by 
nitromethane (43.1 μL, 0.8 mmol). The vial was heated to 70 °C in an oil bath with vigorous 
stirring. Upon consumption of the aryl halide, as monitored by 1H NMR (17 h), the reaction 
mixture was allowed to cool to 25 °C. 
 Step 2: In a glovebox, the vial was opened and charged with Pd2(dba)3 (18.3 mg, 
0.02 mmol), t-BuXPhos (18.3 mg, 0.08 mmol), and K2CO3 (66.3 mg, 0.48 mmol). The vial 
was capped and brought out of the glovebox. 3-bromoanisole (55.7 μL, 0.44 mmol) was 
added via syringe. The vial was heated to 80 °C in an oil bath with vigorous stirring. Upon 
completion of the reaction, as monitored by TLC or 1H NMR (18 h), the reaction mixture 
was allowed to cool to 25 °C, then quenched with 1.0 mL of 1.0 M HCl. This mixture was 
diluted with H2O and extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were 
dried over MgSO4 and concentrated in vacuo. Purification by chromatography (60% 
CH2Cl2/hexanes) provided the title compound as a pale yellow oil (54.1 mg, 53%). All 
spectra were in agreement with that of 1.27a (see above). 
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CHAPTER 2: PALLADIUM-CATALYZED α-ARYLATION OF 
PHOSPHONATES54,55 
2.1. Background 
2.1.2. Significance of 2-Substituted Phosphonoacetates 
 Phosphonates are biologically ubiquitous compounds, with applications in biology 
and medicine.56-61 Several such compounds are shown in Figure 2.1.  
                                                     
54 Adapted from VanGelder, K. F.; Wang, M.; Kozlowski, M. C., Route to Α-Aryl 
Phosphonoacetates: Useful Synthetic Precursors in the Horner–Wadsworth–Emmons Olefination. 
J. Org. Chem. 2015, 80 (20), 10288-10293. Copyright 2015 American Chemical Society.  
55 VanGelder, K. F.; Wang, M.; Kozlowski, M. C., Route to α-Aryl Phosphonoacetates: Useful 
Synthetic Precursors in the Horner–Wadsworth–Emmons Olefination. J. Org. Chem. 2015, 80 
(20), 10288-10293. 
56 Weigele, M.; Bohacek, R.; Jacobsen, V. A.; Macek, K.; Yang, M. G.; Kawahata, N. H.; 
Sundaramoorthi, R.; Wang, Y.; Takeuchi, C. S.; Luke, G. P. Novel signal transduction inhibitors, 
compositions containing them. Intl. Patent WO 1999/024442 A1, May 20, 1999. 
57 Close, J.; Grimm, J.; Heidebrecht, R. W.; Kattar, S.; Miller, T. A.; Otte, K. M.; Peterson, S.; 
Siliphaivanh, P.; Tempest, P.; Wilson, K. J. Phosphorus Derivatives as Histone Deacetylase 
Inhibitors. Intl. Patent WO 2008/010985 A3, April 3, 2008. 
58 Hollis, L. S.; Miller, A. V.; Amundsen, A. R.; Schurig, J. E.; Stern, E. W., cis-Diamineplatinum(II) 
Complexes Containing Phosphono Carboxylate Ligands as Antitumor Agents. J. Med. Chem. 
1990, 33 (1), 105-111. 
59 Mao, J. C.-H.; Otis, E. R.; von Esch, A. M.; Herrin, T. R.; Fairgrieve, J. S.; Shipkowitz, N. L.; 
Duff, R. G., Structure-Activity Studies on Phosphonoacetate. Antimicrob. Agents Chemother. 
1985, 27 (2), 197-202. 
60 Eriksson, B.; Öberg, B.; Wahren, B., Pyrophosphate Analogues as Inhibitors of DNA 
Polymerases of Cytomegalovirus, Herpes Simplex Virus and Cellular Origin. Biochimica et 
Biophysica Acta (BBA) - Gene Structure and Expression 1982, 696 (2), 115-123. 
61 Beers, S.; Malloy, E. A.; Schwender, C. Substituted Phosphonic Acids and Derivatives Useful 
in Treating Bone Wasting Diseases. U.S. Patent 5,508,273, April 16, 1996. 
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Figure 2.1. Examples of Biologically Active α-Aryl Phosphonoacetates62 
 
 Phosphonoacetates are also useful synthetic precursors, such as in Horner-
Wadsworth-Emmons-type olefinations.63 Incorporating α-substitution in a stereodefined 
α,β-unsaturated ester has been a significant limitation to date for this method, primarily 
due to a lack of synthetic methods to install α-substitution.63c,64 Specifically, there are 
several valuable natural product cores that can be elaborated using the described α-
arylated phosphonoacetates, especially the cinnamic acid core, shown in Figure 2.2.63c 
                                                     
62 Reprinted from VanGelder, K. F.; Wang, M.; Kozlowski, M. C., Route to α-Aryl 
Phosphonoacetates: Useful Synthetic Precursors in the Horner–Wadsworth–Emmons Olefination. 
J. Org. Chem. 2015, 80 (20), 10288-10293. Copyright 2015 American Chemical Society. 
63 (a) Boutagy, J.; Thomas, R., Olefin Synthesis with Organic Phosphonate Carbanions. Chem. 
Rev. 1974, 74 (1), 87-99. (b) Maryanoff, B. E.; Reitz, A. B., The Wittig Olefination Reaction and 
Modifications Involving Phosphoryl-Stabilized Carbanions. Stereochemistry, Mechanism, and 
Selected Synthetic Aspects. Chem. Rev. 1989, 89 (4), 863-927. (c) Ianni, A.; Waldvogel, S. R., 
Reliable and Versatile Synthesis of 2-Aryl-substituted Cinnamic Acid Esters. Synthesis 2006, 
2006 (13), 2103-2112. 
64 (a) Patois, C.; Savignac, P.; About-Jaudet, E.; Collignon, N., 
Bis(trifluoroethyl)(carboethoxymethyl) Phopshonate. Org. Synth. 1996, 73, 152-158. (b) Mani, N. 
S.; Mapes, C. M.; Wu, J.; Deng, X.; Jones, T. K., Stereoselective Synthesis of Z-α-Aryl-α,β-
unsaturated Esters. J. Org. Chem. 2006, 71 (13), 5039-5042. 
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The 2-aryl cinnamic acid derivatives have been studied for their antimitotic activity,65 as 
well as their activity as endothelin A receptor antagonists.66 Unfortunately derivatization 
has been limited due to an inability to broadly functionalize the α-arene.63c 
 
Figure 2.2.  Elaboration of Biologically-Relevant Cinnamic Acids Using α-Aryl 
Phosphonoacetates62 
 
2.1.3. Previous Synthetic Access to 2-Arylated Phosphonoacetates 
 Despite their clear utility, there are only a few reported methods to synthesize any 
variety of α-arylated phosphonoacetates. Primarily, these compounds are generated via 
the Michaelis-Arbuzov reaction (Scheme 2.1).67 This method is quite effective for 
generating α-alkyl phosphonoacetates, but has many limitations with regard to α-aryl 
phosphonoacetates. This reaction requires high temperatures and is often performed 
without solvent. There is limited tolerance for sterically hindered substrates, by nature of 
the SN2 character of the mechanism. This method is also limited by the availability of the 
                                                     
65 Gaukroger, K.; Hadfield, J. A.; Hepworth, L. A.; Lawrence, N. J.; McGown, A. T., Novel 
Syntheses of Cis and Trans Isomers of Combretastatin A-4. J. Org. Chem. 2001, 66 (24), 8135-
8138. 
66 (a) Astles, P. C.; Brown, T. J.; Halley, F.; Handscombe, C. M.; Harris, N. V.; McCarthy, C.; 
McLay, I. M.; Lockey, P.; Majid, T.; Porter, B.; Roach, A. G.; Smith, C.; Walsh, R., Selective 
Endothelin A Receptor Antagonists. 4. Discovery and Structure−Activity Relationships of Stilbene 
Acid and Alcohol Derivatives. J. Med. Chem. 1998, 41 (15), 2745-2753. (b) Ohsumi, K.; 
Nakagawa, R.; Fukuda, Y.; Hatanaka, T.; Morinaga, Y.; Nihei, Y.; Ohishi, K.; Suga, Y.; Akiyama, 
Y.; Tsuji, T., Novel Combretastatin Analogues Effective Against Murine Solid Tumors:  Design 
and Structure−Activity Relationships. J. Med. Chem. 1998, 41 (16), 3022-3032. 
67 (a) Bhattacharya, A. K.; Thyagarajan, G., Michaelis-Arbuzov Rearrangement. Chem. Rev. 
1981, 81 (4), 415-430. (b) Demmer, C. S.; Krogsgaard-Larsen, N.; Bunch, L., Review on Modern 
Advances of Chemical Methods for the Introduction of a Phosphonic Acid Group. Chem. Rev. 
2011, 111 (12), 7981-8006. (c) Rajeshwaran, G. G.; Nandakumar, M.; Sureshbabu, R.; 
Mohanakrishnan, A. K., Lewis Acid-Mediated Michaelis−Arbuzov Reaction at Room Temperature: 
A Facile Preparation of Arylmethyl/Heteroarylmethyl Phosphonates. Org. Lett. 2011, 13 (6), 1270-
1273. 
56 
 
α-halo-α-aryl acetate starting materials and tolerance of electrophilic functional groups is 
particularly limited. This approach has been the primary route to elaborated cinnamic 
acids. The analogous Michaelis-Becker reaction, which uses the corresponding 
phosphonic acids, proceeds in poor yield, especially for sterically hindered tertiary 
phosphonoacetates.67a,b In addition, strong bases are required to deprotonate the 
phosphonic acids, which are incompatible with many desirable functional groups. The 
starting phosphonic acids are also not readily available, which further limits the utility of 
the method. 
 
Scheme 2.1. Michaelis-Arbuzov Reaction to Form Tertiary α-Centers54 
 
 An alternative bond disconnection to this structural class utilizes an aryl halide and 
phosphonoacetate (Scheme 2.2). There is extensive literature precedent for the α-
arylation of acidic substrates to form tertiary centers, using activating functional groups 
such as esters, ketones, nitro groups, and amides.23,28b,68 However, in the literature to 
date, only the α-arylation of phosphonoacetates using aryl iodides has been reported, and 
                                                     
68 Reviews of activated α-arylation: (a) Bellina, F.; Rossi, R., Transition Metal-Catalyzed Direct 
Arylation of Substrates with Activated sp3-Hybridized C−H Bonds and Some of Their Synthetic 
Equivalents with Aryl Halides and Pseudohalides. Chem. Rev. 2010, 110 (2), 1082-1146. (b) 
Lloyd-Jones, G. C., Palladium-Catalyzed α-Arylation of Esters: Ideal New Methodology for 
Discovery Chemistry. Angew. Chem. Int. Ed. 2002, 41 (6), 953-956.  
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the substrate scope was not thoroughly explored.69-72 Iodobenzene works well in this 
transformation, but aryl bromides do not couple effectively under the reaction conditions. 
Since fewer aryl iodides are available relative to the bromo and chloro arenes, we targeted 
this transformation for study. Notably, Walsh and co-workers recently published the α-
arylation of benzyl phosphonates,73 but we have found that the addition of an acetate 
coordinating group greatly alters the optimal reaction conditions; such acidic substrates 
readily form stable chelated adducts with the metal catalyst which are not productive 
reaction intermediates.13a  
 
Scheme 2.2. Copper-Catalyzed α-Arylation of Triethyl Phosphonoacetate54 
 
2.2. Results 
2.2.1. Mechanistic Analysis of the Proposed Reaction 
 We propose a mechanism for this transformation similar to those proposed for the 
                                                     
69 Buchwald, S. L.; Klapars, A.; Antilla, J.; Job, G. E.; Wolter, M.; Kwong, F. Y.; Nordmann, G.; 
Hennessy, E. J. Copper-Catalyzed Formation of Carbon-Heteroatom and Carbo-Carbon Bonds. 
WO 2002/085838 A1, April 24, 2002. 
70 Minami, T.; Isonaka, T.; Okada, Y.; Ichikawa, J., Copper(I) Salt-Mediated Arylation of 
Phosphinyl-Stabilized Carbanions and Synthetic Application to Heterocyclic Compounds. J. Org. 
Chem. 1993, 58 (25), 7009-7015. 
71 Rout, L.; Regati, S.; Zhao, C.-G., Synthesis of α-Arylphosphonates using Copper-Catalyzed α-
Arylation and Deacylative α-Arylation of β-Ketophosphonates. Adv. Synth. Catal. 2011, 353 (18), 
3340-3346. 
72 For an intramolecular cyclization to form oxindoles that was only successful with iodides and 
bromides (not chlorides), see Millemaggi, A.; Perry, A.; Whitwood, A. C.; Taylor, R. J. K., 
Telescoped Enolate Arylation/HWE Procedure for the Preparation of 3-Alkenyl Oxindoles: The 
First Synthesis of Soulieotine. Eur. J. Org. Chem. 2009, 2009 (18), 2947-2952. 
73 Montel, S.; Raffier, L.; He, Y.; Walsh, P. J., Palladium-Catalyzed α-Arylation of Benzylic 
Phosphonates. Org. Lett. 2014, 16 (5), 1446-1449. 
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α-arylations of other enolic substrates. In this case however, the palladium can coordinate 
to the phosphonate or the ester, or both, as shown in Figure 2.3. The different coordination 
modes are shown in structures C, D, and E. As proposed by Culkin and Hartwig,21-23 and 
supported computationally by our group,27 reductive elimination likely occurs from the ƞ1-
C-bound structure (C), which is accessible only in the presence of bulky ligands on the 
transition metal. The increased stability of the chelated form D presents the key challenge 
to this method, and we propose that this causes the reductive elimination step to be 
comparatively slow. Thus, bulky phosphine ligands could be used to promote the desired 
reductive elimination. 
 
Figure 2.3. Proposed Mechanism for the α-Arylation of Phosphonoacetates62 
 
2.2.2. Optimization of the α-Arylation of Phosphonoacetates 
 An initial survey of cross-coupling conditions from related acidic substrates13a,73 
failed to effect the α-arylation of phosphonoacetates.  Thus, reaction conditions were 
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investigated utilizing high-throughput parallel microscale experimentation.15 Using 
bromobenzene and triethyl phosphonoacetate (2.05), twelve ligands and eight solvents 
were evaluated using Pd2(dba)3 as a palladium source, and 1.2 equivalents of K3PO4.  As 
shown in Figure 2.4, the most successful ligands were BrettPhos (2.06), SPhos (2.07), 
and CataCXium POMetB (2.08), all very bulky phosphines. In this reaction, the bulk of the 
phosphine ligand was the single most important structural characteristic. The top results 
of the high-throughput screen were taken to 0.2 mmol-scale validation, shown in Table 
2.1. CPME was quickly identified as the best solvent for this arylation, and both BrettPhos 
and SPhos afforded the product in good isolated yield in the validation experiments. 
 
 
Figure 2.4. Results of High-Throughput Screen of 12 ligands and 8 Solvents54 
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Entrya Ligand Solvent 
HTE Product / 
ISb 
Isolated Yield 
2.03 (%) 
1 BrettPhos CPME 2.00 84 
2 SPhos CPME 2.01 83 
3 BrettPhos trifluorotoluene 2.03 78 
4 BrettPhos toluene 2.44 75 
5 CataCXium POMetB toluene 1.94 74 
6 CataCXium POMetB CPME 2.03 39 
a Reactions were conducted at 100 °C and 0.1 M in solvent, with 5 mol% Pd2(dba)3, 20 mol% ligand, 1.2 
equivalents base, and 1.1 equivalents of bromobenzene. b Product to internal standard ratio from HTE 
screening. 
Table 2.1. High-Throughput Screen Validation of Ligand and Solvent54 
 
 Most reactions still had trace starting material remaining at the end of the reaction 
time. Therefore, different bases were investigated with goal of increasing conversion. With 
CPME as a solvent, twelve different bases and the top two ligands were again assessed 
via parallel microscale experimentation. The results of this screen are shown in Figure 
2.5. The reaction was relatively intolerant to different bases – K3PO4 and Cs2CO3 were the 
only bases that worked effectively in the transformation. These two bases with both 
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ligands were validated on 0.2 mmol scale, the results of which are shown in Table 2.2. 
 
 
Figure 2.5. Results of High-Throughput Screen of 12 Bases and 2 Ligands54 
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Entrya Ligand Base HTE Product / ISb Isolated Yield 2.03 (%) 
1 BrettPhos Cs2CO3 2.72 80 
2 BrettPhos K3PO4 2.36 75 
3 SPhos Cs2CO3 3.15 74 
4 SPhos K3PO4 3.33 70 
a Reactions were conducted at 100 °C and 0.2 M in CPME, with 2.5 mol% Pd2(dba)3, 10 mol% ligand, 1.2 
equivalents base, and 1.1 equivalents of bromobenzene. b Product to internal standard ratio from HTE 
screening. 
Table 2.2. High-Throughput Screen Validation of Ligand and Base54 
 
 Overall, BrettPhos gave higher yields and had a cleaner reaction profile, and 
Cs2CO3 was the most effective base for the transformation. A concentration study showed 
that moving from 0.1 M to 0.2 M caused an 11% improvement in the isolated yield of the 
arylated product 2.03. Proceeding at a 0.2 M reaction concentration, the reactivity of aryl 
bromides was compared to aryl chlorides. As shown in Table 2.3, both aryl bromides and 
aryl chlorides perform well at 2.5 mol% Pd2(dba)3.  The reactivity of chlorobenzene 
dropped off at 1.25 mol% Pd2(dba)3, but that of bromobenzene was well maintained. 
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Entrya Ar-X mol% Pd2(dba)3 Time (h) Isolated Yield 2.03 (%) 
1 Ph-Br 2.5 19 80 
2 Ph-Br 1.25 19 78 
3 Ph-Cl 2.5 17 83 
4 Ph-Cl 1.25 17 55 
a Reactions were conducted at 100 °C in CPME, in a 2:1 ligand:metal ratio, with 1.2 equivalents Cs2CO3, 
and 1.1 equivalents aryl halide. 
Table 2.3. Comparison of Chlorobenzene and Bromobenzene at Lower Catalyst Loadings54 
 
2.2.3. Substrate Scope for the α-Arylation of Phosphonoacetates 
 With these conditions in hand, the substrate scope of the reaction was investigated 
first with aryl chlorides, as shown in Table 2.4, then with aryl bromides, as shown in Table 
2.5. Both electron-poor and electron-rich substrates are well-tolerated, as are several 
heterocyclic examples (2.11, 2.20, and 2.21). ortho-Substitution (2.12, 2.22) was not 
tolerated; presumably, the steric bulk of the ortho-group upon coordination to the 
palladium center hinders transmetalation or reductive elimination. Nitrogenous 
heterocycles capable of coordination to palladium (2.17, 2.23, 2.24) did not perform well 
in the reaction unless the nitrogen basicity was moderated, as with substrates 2.20 and 
2.21. Notably, substrates with electrophilic functional groups (2.14) are coupled in high 
yield. This arylated product was unattainable via alternative methods discussed 
previously. Additionally, only substrates 2.03 and 2.18 can be synthesized via the Arbuzov 
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reaction from commercially available starting materials.74 Thus, both aryl chlorides and 
aryl bromides are well-tolerated for a diverse array of functional groups. 
 
                                                     
74 Based on the availability of the corresponding ethyl α-halo-α-aryl acetate in the Sigma Aldrich 
and Fisher compound catalogs as of the date of submission. 
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a Reactions were conducted at 100 °C in CPME, with 2.5 mol% Pd2(dba)3, 10 mol% BrettPhos, 1.2 
equivalents Cs2CO3, and 1.1 equivalents aryl bromide. 
Table 2.4. Substrate Scope of the α-Arylation of Triethyl Phosphonoacetate with Aryl Bromides54 
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a Reactions were conducted at 100 °C in CPME, with 2.5 mol% Pd2(dba)3, 10 mol% BrettPhos, 1.2 
equivalents Cs2CO3, and 1.1 equivalents aryl chloride. 
Table 2.5. Substrate Scope of the α-Arylation of Triethyl Phosphonoacetate with Aryl Chlorides54 
 
2.2.4. Investigation of the Scalability of the Method 
 We anticipate the key utility of this method to be in the synthesis of substrates for 
the Horner-Wadsworth-Emmons olefination. Thus, it was paramount that the reaction be 
scalable. As shown in Scheme 2.3, on a 5.0 mmol scale, this previously unreported α-
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arylated phosphonoacetate was isolated in 80% yield. This is a minimal decrease in yield 
as compared to the small scale reaction, which resulted in an 86% isolated yield of 2.13 
(Table 2.4). 
 
Scheme 2.3. Large Scale Cross-Coupling54 
 
2.3. Conclusions 
 In conclusion, a robust method for the α-arylation of phosphonoacetates has been 
developed. The method provides an efficient route to complex arylated products that are 
not otherwise accessible.  This process can be utilized for a variety of functionalized aryl 
bromides and aryl chlorides to afford these useful compounds in good to excellent yields. 
 
2.4. Experimental Section 
General Information  
 Unless otherwise noted, all reagents were reagent grade and used without further 
purification. Cyclopentyl methyl ether (CPME) and toluene were distilled from CaH2 and 
stored under argon. Flash column chromatography was performed using EM Reagents 
Silica Gel 60 (230-400). Analytical thin-layer chromatography (TLC) was performed using 
EM Reagents 0.25 mm silica gel 254-F plates. Visualization was accomplished with UV 
light and/or potassium permanganate stain. 1H NMR and 13C NMR spectra were recorded 
at 25 °C on 300 MHz, 360 MHz, or 500 MHz spectrometers. 31P NMR spectra were 
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recorded at 25 °C on 300 MHz or 360 MHz spectrometers, and are proton decoupled. 
Chemical shifts are reported relative to the solvent resonance peak δ 7.27 (CDCl3) for 1H 
and δ 77.23 (CDCl3) for 13C. For 19F spectra, chemical shifts are reported relative to a 
capillary internal standard δ -76.55 (trifluoroacetic acid). For 31P spectra, chemical shifts 
are reported relative to a capillary internal standard δ 0 (H3PO4). Peaks are reported as 
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, bs = 
broad singlet, m = multiplet), coupling constants, and number of protons. High resolution 
mass spectra were obtained using a VG Autospec equipped with a TOF mass analyzer, 
in ESI ionization mode. All yields refer to isolated yields, and product purity was 
determined by 1H NMR spectroscopy. 
 
Parallel Microscale Experimentation Data: 
 In a glovebox, the ligands (2 µmol phosphine) were dosed into the 1-mL vials of 
either the 96-well or 24-well reactor either as solutions in benzene or in advance of the 
screen. For pre-dosing the ligands, the solvent was removed after dosing by evacuation 
by either a Genevac or JKem-blow-down block, and the plates were then be stored in a 
glovebox. The palladium source (0.1 µmol Pd) was then dosed as a solution in benzene. 
Depending on the solubility of the palladium source in benzene, a slurry was sometimes 
used. The solvent was removed via either a Genevac or JKem-blow-down block. The base 
(12 µmol) was dosed as a slurry in THF. The plate was again evacuated to dryness via 
either a Genevac or JKem-blow-down block. A parylene stirbar was added to each vial. 
Finally, a solution of aryl halide (11 µmol) and phosphonoacetate (10 µmol) in the reaction 
solvent was dosed to each vial, to afford a total volume of 100 µL in each vial of the reactor 
(0.1 M in phosphonoacetate). The reactor block was sealed and removed from the 
glovebox before heating at 100 °C for 17 h. The 96-well reactor was heated and stirred on 
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a VP 710 Series tumble stirrer (500 rpm). The 24-well reactor was heated on an IKA 
heating plate with vigorous stirring. 
 Upon cooling to 25 °C, the reactions were quenched by the addition 500 µL of a 
10% solution of glacial acetic acid in acetonitrile, containing an internal standard (1 µmol 
biphenyl, 10 mol%). The vials were stirred for 60 minutes. Into a 96-well plate LC block 
(Analytical Sales and Services, part # 17P687) was added 50 µL aliquots from each 
reaction vial, and 750 µL of acetonitrile. The 96-well plate LC block was then sealed with 
a polypropylene 1 mL cap mat (Analytical Sales and Services, part # 96057). The reactions 
were analyzed using an Agilent Technologies 1200 series HPLC with a 96-well plate auto-
sampler. Assay conditions: Supelco Ascentis Express C18 100 mm x 4.6 mm; MeCN with 
H2O + 0.1 % H3PO4; 1.8 mL/min; 10 % in MeCN to 95 % MeCN in 6 minutes, hold for 2 
minutes; Post time 2 minutes; Column at 40 °C; 210 nm, 230 nm, and 254 nm. 
 The initial screen followed the above procedure using 5 mol% Pd2(dba)3, 20 mol% 
phosphine ligands (10 mol% for bidentate phosphine ligands), 1.2 equivalents K3PO4, 1.1 
equivalents bromobenzene, and 0.1 M in various solvents. Conditions tested: 12 ligands, 
8 solvents. Results are shown below in Table 2.6.  
Solvent Set: DCE, cyclopentyl methyl ether (CPME), THF, toluene, dioxane, benzene, 
DMF, trifluorotoluene 
Ligand Set: See Figure 2.6 below. 
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Figure 2.6. Ligand Set Used in First High-Throughput Screen Evaluating Ligand and Solvent 
Effects for the α-Arylation of Aryl Nitromethanes 
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Solvent Ligand Product / IS 
Validation (Isolated 
Yield)a 
toluene BrettPhos 2.44 75% 
trifluorotoluene BrettPhos 2.03 78% 
CPME CataCXium POMetB 2.02 39% 
CPME SPhos 2.01 83% 
CPME BrettPhos 2.00 84% 
toluene CataCXium POMetB 1.94 74% 
dioxane BrettPhos 1.92 - 
THF BrettPhos 1.86 - 
THF CataCXium POMetB 1.67 - 
THF SPhos 1.61 - 
CPME P(t-Bu)3 HBF4 1.60 - 
THF P(t-Bu)3 HBF4 1.55 - 
CPME XPhos 1.50 - 
dioxane SPhos 1.39 - 
benzene SPhos 1.36 - 
toluene P(t-Bu)3 HBF4 1.32 - 
toluene XPhos 1.28 - 
dioxane XPhos 1.28 - 
trifluorotoluene XPhos 1.18 - 
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CPME t-BuXPhos 1.13 - 
THF XPhos 1.10 - 
DMF SPhos 1.09 - 
dioxane P(t-Bu)3 HBF4 1.07 - 
DMF P(t-Bu)3 HBF4 1.07 - 
benzene CataCXium POMetB 1.04 - 
dioxane CataCXium POMetB 0.97 - 
THF t-BuXPhos 0.96 - 
benzene XPhos 0.93 - 
trifluorotoluene CataCXium POMetB 0.81 - 
DMF BrettPhos 0.79 - 
DMF XPhos 0.77 - 
toluene Xantphos 0.74 - 
DCE XPhos 0.74 - 
toluene SPhos 0.72 - 
DCE P(t-Bu)3 HBF4 0.71 - 
DCE CataCXium POMetB 0.71 - 
dioxane t-BuXPhos 0.67 - 
CPME MePhos 0.62 - 
DMF CataCXium POMetB 0.58 - 
DCE SPhos 0.47 - 
DCE BrettPhos 0.47 - 
trifluorotoluene SPhos 0.47 - 
DCE rac-BINAP 0.45 - 
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benzene Xantphos 0.38 - 
toluene t-BuXPhos 0.37 - 
dioxane t-BuBrettPhos 0.34 - 
dioxane MePhos 0.34 - 
benzene P(t-Bu)3 HBF4 0.34 - 
THF Xantphos 0.33 - 
THF MePhos 0.31 - 
THF rac-BINAP 0.31 - 
DCE t-BuXPhos 0.30 - 
toluene MePhos 0.30 - 
DMF CataCXium A 0.29 - 
benzene rac-BINAP 0.28 - 
trifluorotoluene t-BuXPhos 0.27 - 
benzene MePhos 0.26 - 
DMF t-BuXPhos 0.24 - 
trifluorotoluene Xantphos 0.24 - 
CPME Xantphos 0.24 - 
CPME rac-BINAP 0.23 - 
dioxane rac-BINAP 0.22 - 
benzene t-BuXPhos 0.21 - 
benzene t-BuBrettPhos 0.21 - 
DCE t-BuBrettPhos 0.17 - 
dioxane DtBPF 0.16 - 
trifluorotoluene MePhos 0.15 - 
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DCE Xantphos 0.14 - 
CPME t-BuBrettPhos 0.13 - 
dioxane Xantphos 0.11 - 
dioxane CataCXium A 0.10 - 
toluene t-BuBrettPhos 0.08 - 
THF CataCXium A 0.08 - 
CPME CataCXium A 0.08 - 
trifluorotoluene t-BuBrettPhos 0.07 - 
toluene CataCXium A 0.07 - 
trifluorotoluene rac-BINAP 0.07 - 
DCE MePhos 0.05 - 
CPME DtBPF 0.04 - 
THF DtBPF 0.04 - 
trifluorotoluene DtBPF 0.03 - 
benzene BrettPhos error in plate loading - 
trifluorotoluene P(t-Bu)3 HBF4 0.00 - 
DMF Xantphos 0.00 - 
DCE DtBPF 0.00 - 
toluene DtBPF 0.00 - 
benzene DtBPF 0.00 - 
DMF DtBPF 0.00 - 
toluene rac-BINAP 0.00 - 
DMF rac-BINAP 0.00 - 
THF t-BuBrettPhos 0.00 - 
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DMF t-BuBrettPhos 0.00 - 
DCE CataCXium A 0.00 - 
benzene CataCXium A 0.00 - 
trifluorotoluene CataCXium A 0.00 - 
a Validation was performed at 0.2 mmol scale, with 5 mol% Pd2(dba)3, following the general procedure as 
described on page 85. 
Table 2.6. Raw Data Table of Results from 96-Well Plate Screen of 12 Ligands and 8 Solvents, 
Sorted by Product over Internal Standard Ratio54 
 
 A second screen was performed following the above general procedure using 5 
mol% Pd2(dba)3, 20 mol% phosphine ligands, 1.2 equivalents base, 1.1 equivalents 
bromobenzene, and 0.1 M in CPME. Conditions tested: 2 ligands, 12 bases. Results are 
shown below in Table 2.7.  
Ligand Set: BrettPhos, SPhos (see below) 
Base Set: DBU, K3PO4, KHCO3, KOAc, NaH, Cs2CO3, KHMDS, K2CO3, NaOMe, Na2CO3, 
KOt-Bu, i-Pr2NEt2 
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Ligand Base Product / IS 
Validation 
(Isolated Yield)a 
SPhos K3PO4 3.32 70% 
SPhos Cs2CO3 3.15 74% 
BrettPhos Cs2CO3 2.72 95% 
BrettPhos K3PO4 2.36 75% 
BrettPhos K2CO3 1.86 <50% 
SPhos KOAc 1.38 - 
BrettPhos NaH 1.34 - 
SPhos DBU 1.22 - 
SPhos i-Pr2NEt2 1.01 - 
SPhos KHMDS 0.96 - 
BrettPhos KHMDS 0.90 - 
SPhos KOt-Bu 0.86 - 
SPhos Na2CO3 0.80 - 
BrettPhos KOt-Bu 0.79 - 
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SPhos NaH 0.72 - 
BrettPhos KHCO3 0.66 - 
SPhos NaOMe 0.43 - 
SPhos K2CO3 0.38 - 
SPhos KHCO3 0.35 - 
BrettPhos NaOMe 0.12 - 
BrettPhos i-Pr2NEt2 0.09 - 
BrettPhos DBU 0.00 - 
BrettPhos KOAc 0.00 - 
BrettPhos Na2CO3 0.00 - 
a Validation was performed at 0.2 mmol scale, with 2.5 mol% Pd2(dba)3, following the general procedure as 
described on page 85. 
Table 2.7. Raw Data Table of Results from 24-Well Plate Screen of 12 Bases and 2 Ligands, 
Sorted by Product over Internal Standard Ratio54 
 
General Procedure for the Synthesis of α-Aryl Phosphonoacetates 
 In a glovebox, a flame-dried microwave vial containing a magnetic stirbar was 
charged with Cs2CO3 (78 mg, 0.24 mmol), Pd2(dba)3 (2.3 mg, 0.0025 mmol), BrettPhos 
(5.8 mg, 0.01 mmol), and the aryl halide (if a solid) (0.22 mmol). The vial was capped and 
brought out of the glovebox. CPME was added via syringe, followed by the aryl halide (if 
a liquid) (0.22 mmol) and triethyl phosphonoacetate 2.05 (40 µL, 0.20 mmol). The vial was 
sparged with dry argon, then heated to 100 °C in an oil bath with vigorous stirring. Upon 
consumption of the triethyl phosphonoacetate, as monitored by TLC, 1H, or 31P NMR, the 
reaction mixture was allowed to cool to 25 °C, then quenched with 1.0 mL of 1.0 M HCl. 
This mixture was diluted with H2O and extracted with EtOAc (3 x 15 mL). The combined 
organic layers were dried over MgSO4 and concentrated in vacuo. The resulting residue 
was purified by flash column chromatography to afford the pure α-arylated 
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phosphonoacetates. 
 
Ethyl 2-(diethoxyphosphoryl)-2-phenylacetate (Aryl bromide) (2.03a) 
 The general method was followed, with a reaction time of 19 hours. Purification by 
chromatography (50% EtOAc/hexanes) provided the title compound as a pale yellow oil 
(47 mg, 78%). All spectra were in agreement with the published literature values.63c,70 
 
Ethyl 2-(diethoxyphosphoryl)-2-(naphthalen-2-yl)acetate (Aryl bromide) (2.09) 
 The general method was followed, with a reaction time of 17 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a yellow solid (62 
mg, 88%): mp 65-67 °C. 1H NMR (360 MHz, CDCl3) δ 7.99 (m, 1H), 7.86-7.82 (m, 3H), 
7.68 (ddd, J = 8.6 Hz, 1.6 Hz, 1.4 Hz, 1H), 7.50-7.47 (m, 2H), 4.43 (d, JH-P = 23.4 Hz, 1H), 
4.31-3.97 (m, 6H), 1.29 (t, J = 6.8 Hz, 3H), 1.28 (t, J = 6.7 Hz, 3H), 1.20 (t, J = 7.2 Hz, 
3H); 13C NMR (125.7 MHz, CDCl3) δ 167.7 (d, J = 1.5 Hz), 133.2 (d, J = 1.5 Hz), 133.8, 
128.81, 128.75, 128.5 (d, J = 5.3 Hz), 128.1 (d, J = 0.9 Hz), 128.0, 127.6, 127.3 (d, J = 
5.0 Hz), 126.2 (d, J = 3.8 Hz), 63.4 (d, J = 6.3 Hz), 63.1 (d, J = 7.5 Hz), 61.8, 52.4 (d, JC-P 
= 134.6 Hz), 16.3 (d, J = 6.3 Hz), 16.2 (d, J=6.3 Hz), 14.1; 31P{1H} NMR (145.8 MHz, 
CDCl3) δ 19.10 (s); IR (neat) 3058, 2988, 2940, 1733, 1300, 1253, 1050, 1026 cm-1; HRMS 
(ESI) calculated for C18H23O5PNa [M+Na]+, m/z = 373.1181; found 373.1189. 
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Ethyl 2-(diethoxyphosphoryl)-2-(4-methoxyphenyl)acetate (Aryl bromide) (2.10) 
 The general method was followed, with a reaction time of 18 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a yellow oil (46 
mg, 70%). All spectra were in agreement with published literature values.63c,70 
 
Ethyl 2-(benzofuran-5-yl)-2-(diethoxyphosphoryl)acetate (Aryl bromide) (2.11) 
 The general method was followed, with a reaction time of 17 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a yellow oil (49 
mg, 72%). 1H NMR (300.1 MHz, CDCl3) δ 7.81 (m, 1H), 7.62 (d, J = 2.2 Hz, 1H), 7.49-7.42 
(m, 2H), 6.77-6.76 (m, 1H), 4.34 (d, JH-P = 23.5 Hz, 1H), 4.32-3.89 (m, 6H), 1.283 (t, J = 
7.1Hz, 3H), 1.276 (t, J = 7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H); 13C NMR (90.6 MHz, CDCl3) 
δ 168.2, 154.8, 145.7, 127.9, 126.1 (d, J = 6.3 Hz), 125.6 (d, J = 8.1 Hz), 122.6 (d, J = 6.7 
Hz), 111.5, 106.9, 63.5 (d, J = 6.8 Hz), 63.3 (d, J = 7.1 Hz), 62.0, 52.2 (d, JC-P = 135.8 Hz), 
16.5 (d, J = 5.8 Hz), 16.4 (d, J = 5.8 Hz), 14.2; 31P{1H} NMR (121.5 MHz, CDCl3) δ 18.04 
(s); IR (neat) 2985, 2930, 1733, 1468, 1446, 1256, 1050, 1026 cm-1; HRMS (ESI) 
calculated for C16H21O6PNa [M+Na]+, m/z = 363.0973; found 363.0975. 
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Ethyl 2-(diethoxyphosphoryl)-2-(3,5-dimethylphenyl)acetate (Aryl bromide) (2.13a) 
 The general method was followed, with a reaction time of 23 hours. Purification by 
chromatography (40% EtOAc/hexanes) provided the title compound as a pale oil (56.3 
mg, 86%). 1H NMR (360 MHz, CDCl3) δ 7.12 (s, 2H), 6.94 (s, 1H), 4.30-3.97 (m, 7H), 2.31 
(s, 6H), 1.28 (t, J = 7.2 Hz, 6H), 1.22 (t, J = 7.0 Hz, 3H); 13C NMR (90.6 MHz, CDCl3) δ 
167.8, 138.0 (d, J = 1.8 Hz), 130.6 (d, J = 8.1 Hz), 129.6 (d, J = 3.6 Hz), 127.3 (d, J = 6.3 
Hz), 63.3 (d, J = 7.2 Hz), 63.1 (d, J = 7.2 Hz), 61.7, 52.1 (d, JC-P = 134.9 Hz), 21.3, 16.3 
(d, J = 5.9 Hz), 16.2 (d, J = 5.9 Hz), 14.0; 31P{1H} NMR (145.8 MHz, CDCl3) δ 19.47 (s); 
IR (neat) 2985, 2928, 1735, 1602, 1256, 1051, 1024, 733 cm-1; HRMS (ESI) calculated for 
C16H26O5P [M+H]+, m/z = 329.1518; found 329.1516. 
 
Methyl 4-(1-(diethoxyphosphoryl)-2-ethoxy-2-oxoethyl)benzoate (Aryl bromide) 
(2.14) 
 The general method was followed, with a reaction time of 21 hours. Purification by 
chromatography (50% EtOAc/hexanes) provided the title compound as a pale yellow oil 
(41.6 mg, 58%). 1H NMR (360 MHz, CDCl3) δ 8.01 (d, J = 8.3 Hz, 2H), 7.60 (dd, J = 8.6 
Hz, 2.2 Hz, 2H), 4.31 (d, JH-P = 23.8 Hz, 1H), 4.28-3.96 (m, 6H), 3.91 (s, 3H), 1.27 (t, J = 
7.0 Hz, 3H), 1.26 (t, J = 7.0 Hz, 3H), 1.20 (t, J = 7.0 Hz, 3H); 13C NMR (90.6 MHz, CDCl3) 
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δ 167.1 (d, J = 3.6 Hz), 166.7, 136.2, 136.1, 129.73, 129.66, 63.5 (d, J = 7.2 Hz), 63.3 (d, 
J = 7.2 Hz), 62.0, 52.4 (d, JC-P = 133.1 Hz), 52.1, 16.3 (d, J = 4.8 Hz), 16.2 (d, J = 4.8 Hz), 
14.0; 31P{1H} NMR (145.8 MHz, CDCl3) δ 18.44 (s); IR (neat) 2984, 2910, 1724, 1279, 
1257, 1021, 734 cm-1; HRMS (ESI) calculated for C16H23O7P [M+Na]+, m/z = 381.1079; 
found 381.1085. 
 
Ethyl 2-(diethoxyphosphoryl)-2-(3-nitrophenyl)acetate (Aryl bromide) (2.15) 
 The general method was followed, with a reaction time of 19 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a pale oil (42.3 
mg, 61%). All reported spectra were in agreement with published literature values.75 IR 
(neat) 2984, 2940, 1735, 1532, 1025, 735 cm-1. 
 
Ethyl 2-(diethoxyphosphoryl)-2-(3-(trifluoromethyl)phenyl)acetate (Aryl bromide) 
(2.16) 
 The general method was followed, with a reaction time of 19 hours. Purification by 
chromatography (40% EtOAc/hexanes) provided the title compound as a pale oil (48.5 
mg, 66%). 1H NMR (360 MHz, CDCl3) δ 7.78 (m, 1H), 7.75-7.73 (m, 1H), 7.59-7.57 (m, 
1H), 7.47 (dd, J = 7.8 Hz, 7.8 Hz, 1H), 4.32-4.00 (m, 6H), 4.30 (d, JH-P = 24.1 Hz, 1H), 1.29 
                                                     
75 Zhang, N.; Casida, J. E., Novel Irreversible Butyrylcholinesterase Inhibitors: 2-Chloro-1-
(substituted-phenyl)ethylphosphonic Acids. Biorg. Med. Chem. 2002, 10 (5), 1281-1290. 
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(t, J = 7.2 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H); 13C NMR (125.8 MHz, 
CDCl3) δ 167.3 (d, J = 5.0 Hz), 133.3 (d, J = 6.3 Hz), 132.4 (d, J = 8.8 Hz), 131.0 (dq, J = 
32.1 Hz, 1.9 Hz), 129.1 (d, J = 2.5 Hz), 126.8-126.6 (m), 125.0-124.9 (m), 124.1 (q, JC-F = 
272.1 Hz), 63.8 (d, J = 6.3 Hz), 63.5 (d, J = 7.5 Hz), 62.3, 52.2 (d, JC-P = 134.6 Hz), 16.4 
(d, J = 6.3 Hz), 16.3 (d, J = 6.3 Hz), 14.2; 31P{1H} NMR (145.8 MHz, CDCl3) δ 18.30 (s); 
IR (neat) 2987, 2938, 1736, 1330, 1026, 736 cm-1; HRMS (ESI) calculated for C15H20F3O5P 
[M+H]+, m/z = 369.1079; found 369.1080. 
 
Ethyl 2-(diethoxyphosphoryl)-2-phenylacetate (Aryl chloride) (2.03c) 
 In a glovebox, a flame-dried microwave vial containing a magnetic stirbar was 
charged with Cs2CO3 (78 mg, 0.24 mmol), Pd2(dba)3 (4.6 mg, 0.005 mmol), and BrettPhos 
(11.6 mg, 0.02 mmol). The vial was capped and brought out of the glovebox. CPME was 
added via syringe, followed by chlorobenzene (2k) (22 µl, 0.22 mmol) and triethyl 
phosphonoacetate (1) (40 µL, 0.20 mmol). The vial was sparged with dry argon, then 
heated to 100 °C in an oil bath with vigorous stirring. Upon consumption of the triethyl 
phosphonoacetate, as monitored by TLC, 1H, or 31P NMR, the reaction mixture was 
allowed to cool to 25 °C, then quenched with 1.0 mL of 1.0 M HCl. The resultant mixture 
was diluted with H2O and extracted with EtOAc (3 x 15 mL). The combined organic layers 
were dried over MgSO4 and concentrated in vacuo. Purification by chromatography (50% 
EtOAc/hexanes) provided the title compound as a pale yellow oil (49.8 mg, 83%). All 
spectra were in agreement with the published literature values.63c,70 
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Ethyl 2-(diethoxyphosphoryl)-2-(4-fluorophenyl)acetate (Aryl chloride) (2.18) 
 The general method was followed, with a reaction time of 18 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a pale yellow oil 
(50.1 mg, 79%). All reported spectra were in agreement with the published literature 
values.76 31P{1H} NMR (145.8 MHz, CDCl3) δ 18.85 (d, J = 12.6 Hz); IR (neat) 2985, 2936, 
1735, 1509, 1050, 1026, 735 cm-1; HRMS (ESI) calculated for C14H20FO5PNa [M+Na]+, 
m/z = 341.0930; found 341.0923. 
 
Ethyl 2-(diethoxyphosphoryl)-2-(4-(trifluoromethyl)phenyl)acetate (Aryl chloride) 
(2.19) 
 The general method was followed, with a reaction time of 17 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a pale yellow oil 
(61.1 mg, 83%). 1H NMR (300 MHz, CDCl3) δ 7.68-7.60 (m, 4H), 4.33-3.96 (m, 6H), 4.31 
(d, JH-P = 23.7 Hz, 1H), 1.29 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H), 1.22 (t, J = 7.1 Hz, 
3H); 13C NMR (125.8 MHz, CDCl3) δ 167.2 (d, J = 3.8 Hz), 135.4 (d, J = 8.8 Hz), 130.4 
                                                     
76 Poon, J.-F.; Alao, J. P.; Sunnerhagen, P.; Diner, P., Azastilbenes: a Cut-Off to p38 MAPK 
Inhibitors. Organic & Biomolecular Chemistry 2013, 11 (27), 4526-4536. 
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(dq, J = 32.7 Hz, 2.5 Hz), 130.2 (d, J = 6.3 Hz), 125.6-125.5 (m), 124.2 (q, JC-F = 272.5 
Hz), 63.8 (d, J = 7.5 Hz), 63.5 (d, J = 6.3 Hz), 62.3, 52.3 (d, JC-P = 133.3 Hz), 16.5 (d, J = 
6.9 Hz), 16.4 (d, J = 6.9 Hz), 14.2; 31P{1H} NMR (145.8 MHz, CDCl3) δ 18.03 (s); IR (neat) 
2985, 2936, 1736, 1325, 1020, 736 cm-1; HRMS (ESI) calculated for C15H21F3O5P [M+H]+, 
m/z = 369.1079; found 369.1071. 
 
Ethyl 2-(4-(1H-pyrrol-1-yl)phenyl)-2-(diethoxyphosphoryl)acetate (Aryl chloride) 
(2.20) 
 The general method was followed, with a reaction time of 19 hours. Purification by 
chromatography (60% EtOAc/hexanes) provided the title compound as a pale yellow oil 
(65.6 mg, 90%). 1H NMR (300.1 MHz, CDCl3) δ 7.59 (dd, J = 8.7 Hz, 2.3Hz, 2H), 7.39 (d, 
J = 8.3 Hz, 2H), 7.10 (dd, J = 2.2 Hz, 2.2 Hz, 2H), 6.35 (dd, J = 2.1 Hz, 2.1 Hz, 2H), 4.34-
3.96 (m, 6H), 4.27 (d, JH-F = 23.8 Hz, 1H), 1.304 (t, J = 7.1 Hz, 3H), 1.295 (t, J = 7.1 Hz, 
3H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ 167.5 (d, J = 3.8 Hz), 140.4, 
130.8 (d, J = 6.3 Hz), 128.2 (d, J = 7.5 Hz), 120.3 (d, J = 2.5 Hz), 119.1, 110.6, 63.4 (d, J 
= 6.3 Hz), 63.2 (d, J = 6.3 Hz), 51.6 (d, JC-P = 133.3 Hz), 16.31 (d, J = 6.3 Hz), 16.26 (d, J 
= 6.3 Hz), 14.03; 31P{1H} NMR (121.5 MHz, CDCl3) δ 18.79 (s); IR (neat) 3054, 2984, 
2930, 1733, 1521, 1265, 735 cm-1; HRMS (ESI) calculated for C18H25NO5P [M+H]+, m/z = 
366.1470; found 366.1472. 
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Tert-butyl-5-(1-(diethoxyphosphoryl)-2-ethoxy-2-oxoethyl)-1H-indole-1-carboxylate 
(Aryl chloride) (2.21) 
 The general method was followed, with a reaction time of 21 hours. Purification by 
chromatography (40% EtOAc/hexanes) provided the title compound as a pale yellow oil 
(85.6mg, 97%). 1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.0 Hz, 1H), 7.75 (dd, J = 2.0 
Hz, 2.0 Hz, 1H), 7.59 (d, J = 3.5 Hz, 1H), 7.44 (ddd, J = 8.6 Hz, 1.9 Hz, 1.9 Hz, 1H), 6.56 
(d, J = 3.5 Hz, 1H), 4.33 (d, JH-P = 23.0 Hz, 1H), 4.28-3.91 (m, 6H), 1.67 (s, 9H), 1.270 (t, 
J = 7.0 Hz, 3H), 1.268 (t, J = 7.0 Hz, 3H), 1.19 (t, J = 7.0 Hz, 3H); 13C NMR (125.8 MHz, 
CDCl3) δ 168.2 (d, J = 1.8 Hz), 149.8, 135.0, 130.9, 126.6, 125.9 (d, J = 4.3 Hz), 125.3 (d, 
J = 6.1 Hz), 122.3 (d, J = 5.0 Hz), 115.3, 107.5, 84.0, 63.6 (d, J = 4.5 Hz), 63.2 (d, J = 4.5 
Hz), 61.9, 52.2 (d, JC-P = 97.8 Hz), 28.3, 16.52 (d, J = 5.7 Hz), 16.48 (d, J = 5.7 Hz), 14.2; 
31P{1H} NMR (145.8 MHz, CDCl3) δ 19.58 (s); IR (neat) 2981, 2934, 1733, 1024, 731 cm-
1; HRMS (ESI) calculated for C21H31NO7P [M+H]+, m/z = 440.1838; found 440.1823. 
 
Large Scale Reaction 
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Ethyl 2-(diethoxyphosphoryl)-2-(3,5-dimethylphenyl)acetate (Aryl bromide) (2.13b) 
 In a glovebox, a flame-dried Schlenk flask containing a magnetic stirbar was 
charged with Cs2CO3 (1.95 g, 6.0 mmol), Pd2(dba)3 (57.2 mg, 0.0625 mmol), and 
BrettPhos (134.2 mg, 0.25 mmol. The flask was sealed and brought out of the glovebox. 
CPME (25 mL) was added, followed by 3,5-dimethylbromobenzene (657 μL, 5.5 mmol) 
and triethyl phosphonoacetate (1) (992 µL, 5.0 mmol). The flask was heated to 85 °C in 
an oil bath with vigorous stirring. Upon consumption of the triethyl phosphonoacetate, as 
monitored by TLC, the reaction mixture was allowed to cool to 25 °C, then quenched with 
25 mL of 1.0 M HCl. This mixture was diluted with H2O and extracted with EtOAc (3 x 15 
mL). The combined organic layers were dried over MgSO4 and concentrated in vacuo. 
The resulting residue was purified by flash column chromatography (40% EtOAc/hexanes) 
to provide the title compound as a pale oil (1.31g, 80%). All spectra were in agreement 
with that of 2.13a (see above). 
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CHAPTER 3: PALLADIUM-CATALYZED QUATERNARY α-ARYLATION OF 
PHOSPHINE OXIDES 
3.1. Background 
3.1.1. Significance of Quaternary α-Arylation 
 There are many examples in the literature that report the catalytic α-arylation of 
activated functional moieties to form tertiary centers.23,28b,68 Quaternary carbon centers are 
of great use as well, but are significantly more challenging to construct. Stereogenic 
quaternary centers are ubiquitous in natural products, bioactive compounds, and as 
synthetic intermediates to more complex structures.77 A quaternary center provides 
greater three-dimensional complexity, which is particularly valuable in medicinal 
chemistry.   
 There are a few examples of asymmetric quaternary arylations, using ketones,78 
                                                     
77 Liu, Y.; Han, S.-J.; Liu, W.-B.; Stoltz, B. M., Catalytic Enantioselective Construction of 
Quaternary Stereocenters: Assembly of Key Building Blocks for the Synthesis of Biologically 
Active Molecules. Acc. Chem. Res. 2015, 48 (3), 740-751. 
78 Ketones: (a) Chen, G.; Kwong, F. Y.; Chan, H. O.; Yu, W.-Y.; Chan, A. S. C., Nickel-Catalyzed 
Asymmetric α-Arylation of Ketone Enolates. Chem. Commun. 2006,  (13), 1413-1415. (b) Liao, 
X.; Weng, Z.; Hartwig, J. F., Enantioselective α-Arylation of Ketones with Aryl Triflates Catalyzed 
by Difluorphos Complexes of Palladium and Nickel. J. Am. Chem. Soc. 2008, 130 (1), 195-200. 
(c) Åhman, J.; Wolfe, J. P.; Troutman, M. V.; Palucki, M.; Buchwald, S. L., Asymmetric Arylation 
of Ketone Enolates. J. Am. Chem. Soc. 1998, 120 (8), 1918-1919. (d) Xie, X.; Chen, Y.; Ma, D., 
Enantioselective Arylation of 2-Methylacetoacetates Catalyzed by CuI/trans-4-Hydroxy-l-proline at 
Low Reaction Temperatures. J. Am. Chem. Soc. 2006, 128 (50), 16050-16051. (e) Ge, S.; 
Hartwig, J. F., Nickel-Catalyzed Asymmetric α-Arylation and Heteroarylation of Ketones with 
Chloroarenes: Effect of Halide on Selectivity, Oxidation State, and Room-Temperature Reactions. 
J. Am. Chem. Soc. 2011, 133 (41), 16330-16333. (f) Hamada, T.; Chieffi, A.; Åhman, J.; 
Buchwald, S. L., An Improved Catalyst for the Asymmetric Arylation of Ketone Enolates. J. Am. 
Chem. Soc. 2002, 124 (7), 1261-1268. 
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amides,79 esters,80 and aldehydes81 as activating groups. This type of disconnection is 
advantageous, in that a diverse array of different starting materials can be used, allowing 
for the generation of a wide variety of α-arylated products. The variables that can be 
adjusted in an α-arylation reaction are also well-precedented,82 enabling the optimization 
of specific transformations. Conditions are relatively tolerant of other functional groups, 
allowing structural complexity to be built up in an orthogonal manner. 
 
3.1.2. Significance of α-Stereogenic Phosphine Oxides 
 Phosphine ligands are ubiquitous in catalysis. Not only are they active in many 
classes of catalytic reactions, but they are useful when combined with many different 
metals, including palladium, nickel, and copper. Phosphine ligands are also widely used 
in asymmetric catalysis, though the structural diversity is somewhat limited. 
Representative examples of the different commercially available chiral phosphine ligands 
are shown in Figure 3.1.  
                                                     
79 Amides: (a) Lee, S.; Hartwig, J. F., Improved Catalysts for the Palladium-Catalyzed Synthesis 
of Oxindoles by Amide α-Arylation. Rate Acceleration, Use of Aryl Chloride Substrates, and a 
New Carbene Ligand for Asymmetric Transformations. J. Org. Chem. 2001, 66 (10), 3402-3415. 
(b) Arao, T.; Kondo, K.; Aoyama, T., Development of an N-Heterocyclic Carbene Ligand Based 
on Concept of Chiral Mimetic. Tetrahedron Lett. 2006, 47 (9), 1417-1420. (c) Glorius, F.; 
Altenhoff, G.; Goddard, R.; Lehmann, C., Oxazolines as Chiral Building Blocks for Imidazolium 
Salts and N-Heterocyclic Carbene Ligands. Chem. Commun. 2002,  (22), 2704-2705. (d) Jia, Y.-
X.; Hillgren, J. M.; Watson, E. L.; Marsden, S. P.; Kundig, E. P., Chiral N-Heterocyclic Carbene 
Ligands for Asymmetric Catalytic Oxindole Synthesis. Chem. Commun. 2008,  (34), 4040-4042. 
(e) Kündig, E. P.; Seidel, T. M.; Jia, Y.-x.; Bernardinelli, G., Bulky Chiral Carbene Ligands and 
Their Application in the Palladium-Catalyzed Asymmetric Intramolecular α-Arylation of Amides. 
Angew. Chem. Int. Ed. 2007, 46 (44), 8484-8487. 
80 Esters: Spielvogel, D. J.; Buchwald, S. L., Nickel-BINAP Catalyzed Enantioselective α-
Arylation of α-Substituted γ-Butyrolactones. J. Am. Chem. Soc. 2002, 124 (14), 3500-3501. 
81 Aldehydes: García-Fortanet, J.; Buchwald, S. L., Asymmetric Palladium-Catalyzed 
Intramolecular α-Arylation of Aldehydes. Angew. Chem. 2008, 120 (42), 8228-8231. 
82 Surry, D. S.; Buchwald, S. L., Dialkylbiaryl Phosphines in Pd-Catalyzed Amination: A User's 
Guide. Chem. Sci. 2011, 2 (1), 27-50. 
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Figure 3.1. Chiral Phosphine Ligand Classes and Representative Examples 
 
 Furthermore, there are a variety of α-quaternary phosphonate drugs that have 
been developed for biological use, mostly for the treatment of osteoporosis and other 
bone-health indications.83 Several of these compounds are shown in Figure 3.2. 
 
Figure 3.2. Selection of α-Quaternary Phosphonate Drugs for the Treatment of Bone Wasting 
Diseases 
                                                     
83 Weinstein, R. S.; Roberson, P. K.; Manolagas, S. C., Giant Osteoclast Formation and Long-
Term Oral Bisphosphonate Therapy. N. Engl. J. Med. 2009, 360 (1), 53-62. 
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 Our group has recently explored activated α-arylation using palladium 
catalysis,2,13,14,55 while simultaneously expanding into custom phosphine ligand 
development for particularly difficult transformations. This work aims to unite these two 
areas of research by developing the α-arylation of both phosphine oxides and 
phosphonates, to form tertiary and quaternary arylated centers. These can be 
subsequently reduced to generate a novel and structurally diverse set of phosphines for 
potential use as ligands in catalysis. If this process can be developed asymmetrically, a 
unique class of α-chiral phosphine ligands can be developed as well. These potential 
directions are illustrated in Figure 3.3. 
 
Figure 3.3. α-Arylation of Phosphonates and Phosphine Oxides to form α-Chiral Phosphine 
Ligands 
 
3.1.3. Previous Synthetic Access to Quaternary and α-Stereogenic Phosphine 
Oxides 
 All of the representative chiral phosphine ligands shown in Figure 3.1 are 
synthesized using either a chiral starting material or a chiral resolution. The syntheses of 
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the ferrocenyl ligands employ a chiral resolution using tartaric acid.84 (S,S)-Chiraphos, 
pictured in Figure 3.1, is synthesized directly from tartaric acid.85 Oxazole ligands such as 
(S)-tert-butylPHOX, pictured in Figure 3.1, rely on amino acid starting materials to impart 
stereochemistry,86 while the DACH-phenyl Trost ligand relies on the chiral trans-1,2-
diaminocyclohexane for its synthesis.87 Enantiopure BINAP is synthesized from chiral 
BINOL.88 Since all of these ligands rely on stereogenic building blocks or inefficient chiral 
separations, they are limited in structural variety. In principle, asymmetric α-arylation as a 
route to α-stereogenic phosphines is a highly modular approach, providing greater access 
to a breadth of structural features. 
 The targeted α-substituted phosphine oxide motif in our ligand program can be 
made by several methods. The Michaelis-Arbuzov reaction,67a as shown in Scheme 3.1, 
provides a route to functionalized phosphine oxides, but has the steric limitation of the SN2 
reaction. A quaternary center would be impossible to access via this method.  
 
Scheme 3.1. Michaelis-Arbuzov Reaction to form Tertiary α-Center 
 
 There have been several copper-catalyzed α-arylations reported, though all are 
limited to aryl iodides and none provide access to a quaternary center.69-72 Additionally, 
                                                     
84 Shen, Y.; Xu, W.; Li, X. Method for Synthesizing Chiral Ferrocene Diphosphine Ligand. 
Chinese Patent No. CN101570550, June 9, 2009. 
85 Fryzuk, M. D.; Bosnich, B., Asymmetric synthesis. Production of Optically Active Amino Acids 
by Catalytic Hydrogenation. J. Am. Chem. Soc. 1977, 99 (19), 6262-6267. 
86 (a) Krout, M. R.; Mohr, J. T.; Stoltz, B. M., Preparation of (S)-tert-ButylPHOX. Org. Synth. 2009, 
86, 181-193. (b) Korte, N. J.; Stepanova, V. A.; Smoliakova, I. P., Synthesis of N,P-, S,P-, P,P- 
and S,P,S-ligands using reactions of cyclopalladated complexes with KPPh2. J. Organomet. 
Chem. 2013, 745–746, 356-362. 
87 (a) Campbell, L. I.; Ulrich, B. Preparation of Phosphine Ligands. PCT/GB99/01016, April 1, 
1999. (b) Trost, B. M.; O'Boyle, B. M., Synthesis of 7-Epi (+)-FR900482:  An Epimer of 
Comparable Anti-Cancer Activity. Org. Lett. 2008, 10 (7), 1369-1372. 
88 Cai, D.; Payack, J. F.; Bender, D. R.; Hughes, D. L.; Verhoeven, T. R.; Reider, P. J., (R)-(+)- 
and (S)-(-)-2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl (BINAP). Org. Synth. 1999, 76, 6-11. 
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the Walsh group has recently reported the α-arylation of benzylic phosphine oxides89 and 
benzylic phosphonates,73 shown in Scheme 3.2. This work is racemic, but tolerates a wide 
array of aryl bromide coupling partners. 
 
Scheme 3.2. α-Arylation of Benzyl Phosphonates and Benzyl Phosphine Oxides 
 
 Finally, there is a single report of the generation of a phosphine oxide with an α-
stereocenter via α-activation. This report uses a chiral base followed by the addition of an 
electrophile to impart enantioselectivity to the α carbon, as demonstrated in Scheme 3.3.90  
 
Scheme 3.3. α-Activation of a Phospholane Oxide via Desymmetrization 
 
3.2. Results 
3.2.1. Initial Studies Toward the Racemic α-Arylation of Phosphine Oxides 
 We initially focused on four specific substrates for the arylation, with the longer-
term goal of an asymmetric α-arylation. Fluorine and methyl groups were selected, as we 
                                                     
89 Montel, S.; Jia, T.; Walsh, P. J., Palladium-Catalyzed α-Arylation of Benzylic Phosphine 
Oxides. Org. Lett. 2014, 16 (1), 130-133. 
90 Blake, A. J.; Hume, S. C.; Li, W.-S.; Simpkins, N. S., Enantioselective Synthesis of 
Phospholanes Using Chiral Lithium Amide Desymmetrisation. Tetrahedron 2002, 58 (23), 4589-
4602. 
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anticipated they would provide the greatest size differential in the asymmetric reaction. 
We chose to investigate phosphonates and phosphine oxides simultaneously, anticipating 
that the phosphonates could be later functionalized for use as ligands in catalysis. These 
four substrates are shown in Figure 3.4.  
 
Figure 3.4. Substrates for the α-Arylation Study 
 
 The conditions identified for the α-arylation of phosphonoacetates (described in 
Chapter 2) were not applicable to these substrates. Precedented conditions for sterically 
hindered α-arylations reported in the literature were then investigated, including variable 
palladium sources, ligands, bases, solvents, and temperatures using bromobenzene. 
Most conditions attempted resulted in decomposition rather than a productive pathway. 
Ultimately, only the α-fluorinated substrates gave any product in this preliminary screen, 
and the α-fluorinated phosphonate substrate 3.3 showed significant amounts of hydrolysis 
in the single reaction that showed product formation. Thus, efforts refocused to the more 
hydrolytically stable phosphine oxide, 3.1. This substrate is not commercially available, 
and is synthesized via the route depicted in Scheme 3.4.63c,91 
                                                     
91 Germaund, L.; Brunel, S.; Chevalier, Y.; Le Perchec, P., Synthèses de Phosphobétaïnes 
Ampiphiles Neutres à Distances Intercharge Variables. Bull. Soc. Chim. Fr. 1988, 4, 699-704. 
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Scheme 3.4. Synthesis of the Fluorinated Phosphine Oxide Starting Material 
 
 
Scheme 3.5. Preliminary Conditions for the Racemic Quaternary α-Arylation of α-Fluoro 
Phosphine Oxide 
 
 This preliminary screening resulted in a 15% yield of the quaternary product 3.9 
from the α-fluorinated phosphine oxide substrate 3.1 using the extremely sterically 
hindered ligand QPhos (3.8), shown in Scheme 3.5. Based on this moderately successful 
hit, a broader screen of bases and solvents was attempted using the HTE center using 
QPhos. Unfortunately, none of the hits from the screen could be reproduced on scale. 
Increasing the temperature from 110 °C to 150 °C did not produce a significant increase 
in product formation.  
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Figure 3.5. Results of High-Throughput Screen of 3 Palladium Sources, 3 Precatalysts, and 31 
Ligands 
 
 At this point, it was thought that a broad ligand screen with several palladium 
sources would provide a better starting point than the 15% yield and decomposition of the 
balance that resulted with QPhos. Three palladium sources, three different precatalysts, 
and thirty-one different ligands resulted in 96 unique ligand/palladium combinations. The 
results of this screen are shown in Figure 3.5, with the ligands from the top hits pointed 
out. Across the plate, the top three hits were all with Xantphos, the structure of which is 
shown in Figure 7. All ligands that resulted in product were very bulky, and most were 
bidentate. In validation studies at 0.2 mmol scale, [Pd(allyl)Cl]2 was more effective than 
either Pd2(dba)3 or Pd(OAc)2, but the yield remained low at 19%.  
Pd
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3.2.2. Optimization of the Racemic α-Arylation of α-Fluoro Phosphine Oxides 
 Next, the aryl halide was switched to iodobenzene instead of bromobenzene, 
which resulted in a significant increase in the amount of product formed. Increasing the 
number of equivalents from 1.1 equivalents to 3.0 equivalents and using Xantphos as a 
ligand (3.10) resulted in a 50% isolated yield of 3.9, as shown in Scheme 3.6.   
 
Scheme 3.6. Racemic Quaternary α-Arylation of α,α-Di-Activated Phosphine Oxides 
 
 However, no starting material remained after 16 hours at 110 °C. Subjecting the 
starting material to the reaction conditions (with no aryl halide) resulted in decomposition, 
as did subjecting the isolated product to the conditions. Thus, a temperature study was 
undertaken to try to minimize the decomposition. At both 70 °C and 90 °C, product formed 
in lower amounts than at 110 °C, but with no real effect on the amount of decomposition.  
 Our next strategy was to evaluate solvent mixtures, in the hope of minimizing base 
solubility in the reaction medium. Nine other solvents were evaluated (toluene, DMF, 
CPME, 1,4-dioxane, 2-MeTHF, diglyme, trifluorotoluene, DMF:toluene (1:1), 
CPME:toluene (1:1), 1,4-dioxane:toluene (1:1)). However, none of the solvents or solvent 
mixtures resulted in significant amounts of product.  
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Figure 3.6. Homologous Structures used in pKa Estimation of 3.192 
 
 The next strategy was to identify a milder base for the reaction, as KHMDS is a 
much stronger base than should be required to deprotonate the starting material. The pKa 
can be estimated at ~16 based in analogy with triethyl phosphonoacetate and other 
compounds shown in Figure 3.6. Nine other bases were evaluated in the reaction mixture 
(KOt-Bu, K2CO3, K3PO4, Cs2CO3, NaH, KOH, NaHMDS, NEt3, and LDA). However, none 
of the other bases gave appreciable amounts of product. Interestingly, NaHMDS gave no 
product in the reaction, indicating that the cation was important.  
 This observation led us to investigate additive effects. The addition of 18-crown-6 
to sequester the potassium cation was detrimental in the reaction, and only small amounts 
of product were observed.  The use of silver salts to sequester the halide did not result in 
an improvement to the reaction. 
 
3.2.3. Initial Studies Toward the Asymmetric α-Arylation of α-Fluoro Phosphine 
Oxides 
 Unfortunately, Xantphos is not a ligand that lends itself to asymmetric reaction 
development. It is nearly planar, and there is no literature precedent for Xantphos-style 
ligands that are chiral at phosphorus. Thus, efforts toward the racemic reaction 
                                                     
92 Bordwell, F. G., Equilibrium Acidities in Dimethyl Sulfoxide Solution. Acc. Chem. Res. 1988, 21 
(12), 456-463. 
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development were redirected toward identifying a chiral ligand that could effect the 
quaternary α-arylation. Thirty-seven chiral ligands and five racemic ligands (for reference) 
were plated and tested with [Pd(allyl)Cl]2, 3.0 equivalents of iodobenzene, and KHMDS in 
toluene via high-throughput experimentation. There were no asymmetric hits better than 
Xantphos, and the few top results of the screen were not reproducible on scale.  
 A collaborator from Boehringer Ingelheim suggested a non-commercially available 
ligand that, in their experience, behaves similarly to XantPhos.9394 They generously 
provided a small amount of the ligand for us to test. This ligand is pictured in Figure 3.7 
(3.11). Unfortunately, only trace product was seen by NMR when this ligand was utilized.  
 
Figure 3.7. Xantphos-Like Ligand From Collaborator 
 
3.2.4. Initial Nickel and Copper Studies Toward the Asymmetric α-Arylation of α-
Fluoro Phosphine Oxides 
 Next, different metals were investigated. In 2002, Buchwald and coworkers 
reported the tertiary arylation of triethyl phosphonoacetate, shown in Scheme 3.7.69 While 
copper is less commonly represented in the literature for this type of transformation, the 
chiral diamine ligands are easier to synthetically modify when compared to the phosphine 
                                                     
93 Fandrick, D. R.; Fandrick, K. R.; Reeves, J. T.; Tan, Z.; Tang, W.; Capacci, A. G.; Rodriguez, 
S.; Song, J. J.; Lee, H.; Yee, N. K.; Senanayake, C. H., Copper Catalyzed Asymmetric 
Propargylation of Aldehydes. J. Am. Chem. Soc. 2010, 132 (22), 7600-7601. 
94 Li, W.; Rodriguez, S.; Duran, A.; Sun, X.; Tang, W.; Premasiri, A.; Wang, J.; Sidhu, K.; Patel, N. 
D.; Savoie, J.; Qu, B.; Lee, H.; Haddad, N.; Lorenz, J. C.; Nummy, L.; Hossain, A.; Yee, N.; Lu, 
B.; Senanayake, C. H., The P-Chiral Phosphane Ligand (MeO-BIBOP) for Efficient and Practical 
Large-Scale Rh-Catalyzed Asymmetric Hydrogenation of N-Acetyl Enamides with High TONs. 
Organic Process Research & Development 2013, 17 (8), 1061-1065. 
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ligands, and so are an attractive alternative to palladium-phosphine catalyst systems. In 
addition to the conditions shown in Scheme 3.7, three other bases (NaOtBu, KHMDS, and 
NaH) were screened in the α-arylation of the α-fluoro phosphine oxide starting material, 
but product was not formed to a significant degree. Decomposition of the starting material 
appears to be slower under these reaction conditions, which could be promising to explore 
in the future.  
 
Scheme 3.7. Copper-Catalyzed α-Arylation of Triethyl Phosphonoacetate 
 
 In 2011, Hartwig and coworkers reported the asymmetric quaternary α-arylation of 
cyclic aryl ketones, shown in Scheme 3.8.78e A nickel catalyst is attractive, in that both 
chiral phosphines and chiral diamine ligands can be used. In addition to the conditions 
shown, three other bases were screened (Cs2CO3, KHMDS, and NaH). Again, 
decomposition appears to be slower, but product is not formed to any degree. Nickel(0) is 
much more difficult to work with than either palladium or copper, due to its sensitivity to 
oxygen. Hartwig reports an even more active precatalyst than Ni(COD)2, another option 
that can still be explored in pursuit of the asymmetric quaternary arylation. 
 
Scheme 3.8. Nickel-Catalyzed Asymmetric Quaternary α-Arylation of Indanone 
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3.3. Conclusions 
 In conclusion, the racemic quaternary α-arylation of α-fluorophosphine oxides has 
been achieved, albeit in moderate yield. The asymmetric reaction was investigated, with 
no success. Due to instability of the starting material and product under the reaction 
conditions, reproducibility was a significant problem, causing high-throughput 
experimentation to be ineffective in the identification of optimized conditions for the 
transformation. Base, solvent, and additive screens did not result in improvements to the 
reaction. Different catalytic systems, such as copper and nickel, did not provide immediate 
leads, but may be promising for future study, due to increased stability of the starting 
material under the reaction conditions.  
 
3.4. Experimental Section 
General Considerations 
 All reactions were run in flame-dried glassware, and under an argon atmosphere. 
Unless otherwise noted, all reagents were reagent grade and used without further 
purification. Toluene was distilled from CaH2 directly before use. Flash column 
chromatography was performed using EM Reagents Silica Gel 60 (230-400). Analytical 
thin-layer chromatography (TLC) was performed using EM Reagents 0.25 mm silica gel 
254-F plates. Visualization was accomplished with UV light and/or potassium 
permanganate stain.  
 1H NMR and 13C NMR spectra were recorded on AV-II 500, AM 500, DMX 360, 
and DMX 300 Fourier transform NMR spectrometers. 31P NMR spectra were recorded on 
DMX 360 and DMX 300 Fourier transform NMR spectrometers, and are proton decoupled. 
Chemical shifts are reported relative to the solvent resonance peak δ 7.27 (CDCl3) for 1H 
and δ 77.23 (CDCl3) for 13C. For 31P spectra, chemical shifts are reported relative to a 
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capillary internal standard δ 0 (H3PO4). Peaks are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, bs = broad singlet, m = multiplet), 
coupling constants, and number of protons. High resolution mass spectra were obtained 
using a VG Autospec using an ESI or CI ionization mode. Infrared spectra are reported in 
cm-1 and recorded using a Perkin-Elmer spectrometer, model Spectrum BX. All yields refer 
to isolated yields, and product purity was determined by 1H NMR spectroscopy. 
 
Parallel Microscale Experimentation Data 
 In a glovebox, the ligands (2 µmol phosphine) were dosed into the 1-mL vials of 
either the 96-well or 24-well reactor either as solutions in benzene or in advance of the 
screen. For pre-dosing the ligands, the solvent was removed after dosing by evacuation 
by a JKem-blow-down block, and the plates were then stored in a glovebox. The palladium 
source (0.1 µmol Pd) was then dosed as a solution in benzene. Depending on the solubility 
of the palladium source in benzene, a slurry was sometimes used. The solvent was 
removed via a Genevac. The base (12 µmol) was dosed as a slurry in THF. The plate was 
again evacuated to dryness via a Genevac. A parylene stirbar was added to each vial. 
Finally, a solution of aryl halide (11 µmol) and ethyl 2-(diphenylphosphoryl)-2-
fluoroacetate starting material (10 µmol) in the reaction solvent was dosed to each vial, to 
afford a total volume of 100 µL in each vial of the reactor (0.1 M in phosphine oxide starting 
material). The reactor block was sealed and removed from the glovebox before heating. 
The 96-well reactor was heated and stirred on a VP 710 Series tumble stirrer (500 rpm). 
The 24-well reactor was heated on an IKA heating plate with vigorous stirring.  
 Upon cooling to 25 °C, the reactions were quenched by the addition 500 µL of a 
1% H2O solution in 3:1 acetonitrile:DMSO, containing an internal standard (1 µmol t-Bu-
biphenyl, 10 mol%). The vials were vigorously stirred. Into a 96-well plate LC block 
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(Analytical Sales and Services, part # 17P687) was added 50 µL aliquots from each 
reaction vial, and 750 µL of acetonitrile. The 96-well plate LC block was then sealed with 
a polypropylene 1 mL cap mat (Analytical Sales and Services, part # 96057). The reactions 
were analyzed using an Agilent Technologies 1200 series HPLC with a 96-well plate auto-
sampler. Assay conditions: Supelco Ascentis Express C18 100 mm x 4.6 mm; MeCN with 
H2O + 0.1 % H3PO4; 1.8 mL/min; 10 % in MeCN to 95 % MeCN in 6 minutes, hold for 2 
minutes; Post time 2 minutes; Column at 40 °C; 210 nm, 230 nm, and 254 nm.  
 
Racemic Reaction Development 
 The initial 96-well plate screen investigated 12 bases and 8 solvents. 
Unfortunately, the results of the screen were not reproducible on scale, and are thus not 
included herein. 
 The second 96-well plate screen investigated a wide array of ligands, palladium 
sources, and precatalysts. The screen followed the above procedure using 10 mol% 
palladium source, 20 mol % phosphine ligands (10 mol% for bidentate phosphine ligands), 
1.2 equivalents KHMDS, 1.1 equivalents bromobenzene, 1.0 equivalents ethyl 2-
(diphenylphosphoryl)-2-fluoroacetate (3.1), and 0.1 M toluene. The plate was heated at 
110 °C for 18 h. Due to the product overlapping with the reaction solvent, the LC block 
was evaporated via a Genevac. The reaction mixtures were resuspended in 800 µL of 
acetonitrile, then re-analyzed. Conditions tested: 31 phosphine ligands, 3 palladium 
sources, 3 precatalysts. Results are shown below in Table 3.1. 
Ligand Set: See Figure 3.8 below. 
Palladium Sources: [Pd(allyl)Cl]2, Pd2dba3, Pd(OAc)2 
Precatalysts: See Figure 3.9 below. 
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Figure 3.8. Ligand Set Used in Broad High-Throughput Screen Evaluating Ligand and Solvent 
Effects for the Racemic Quaternary α-Arylation of α-Fluoro Phosphine Oxides 
 
 
Figure 3.9. Precatalysts Used in Broad High-Throughput Screen Evaluating Ligand and Solvent 
Effects for the Racemic Quaternary α-Arylation of α-Fluoro Phosphine Oxides 
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Ligand Solvent Product / IS 
[Pd(allyl)Cl]2 Xantphos 1.76 
Pd(OAc)2 Xantphos 1.53 
Pd2(dba)3 Xantphos 1.32 
[Pd(allyl)Cl]2 dtbpf 1.32 
Pd(OAc)2 Me4t-BuXPhos 1.31 
[Pd(allyl)Cl]2 NiXantphos 1.16 
[Pd(allyl)Cl]2 QPhos 0.99 
[Pd(allyl)Cl]2 P(t-Bu)3 HBF4 0.67 
Pd(OAc)2 NiXantPhos 0.59 
[Pd(allyl)Cl]2 CataCXium ABn 0.53 
Pd2(dba)3 dtbpf 0.50 
[Pd(allyl)Cl]2 CataCXium POMetB 0.37 
Pd(OAc)2 CataCXium ABn 0.35 
Pd2(dba)3 dippf 0.34 
Pd2(dba)3 Naphthalene PCy2 0.29 
[Pd(allyl)Cl]2 Naphthalene PCy2 0.20 
Pd2(dba)3 CataCXium ABn 0.20 
Pd(OAc)2 Naphthalene PCy2 0.18 
[Pd(allyl)Cl]2 CataCXium PCy2 0.14 
[Pd(allyl)Cl]2 TrippyPhos 0.12 
[Pd(allyl)Cl]2 rac-BINAP 0.11 
[Pd(allyl)Cl]2 Kwong Indole Ligand 0.10 
Pd(OAc)2 CataCXium PCy2 0.09 
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Pd(OAc)2 CataCXium POMetB 0.08 
Pd2(dba)3 CataCXium PCy2 0.07 
Pd(OAc)2 P(t-Bu)3 HBF4 0.07 
Pd(OAc)2 CataCXium A 0.06 
Pd2(dba)3 dppf 0.06 
Pd2(dba)3 BippyPhos 0.04 
Pd2(dba)3 rac-BINAP 0.04 
Pd(OAc)2 (o-tolyl)3P 0.04 
[Pd(allyl)Cl]2 CataCXium A 0.03 
Pd2(dba)3 (o-tolyl)3P 0.03 
Pd(OAc)2 A-taPhos 0.03 
Pd2(dba)3 CataCXium A 0.02 
Pd2(dba)3 P(t-Bu)3 HBF4 0.02 
Pd2(dba)3 QPhos 0.00 
Pd2(dba)3 SPhos 0.00 
Pd2(dba)3 JohnPhos 0.00 
Pd2(dba)3 Me4t-BuXPhos 0.00 
Pd2(dba)3 TrippyPhos 0.00 
Pd2(dba)3 NiXantphos 0.00 
Pd2(dba)3 RuPhos 0.00 
Pd2(dba)3 t-BuMePhos 0.00 
Pd2(dba)3 t-BuBrettPhos 0.00 
Pd2(dba)3 CataCXium POMetB 0.00 
Pd2(dba)3 Kwong Indole Ligand 0.00 
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Pd2(dba)3 MePhos 0.00 
Pd2(dba)3 XPhos 0.00 
Pd2(dba)3 t-BuDavePhos 0.00 
Pd2(dba)3 RockPhos 0.00 
Pd2(dba)3 A-taPhos 0.00 
Pd2(dba)3 DavePhos 0.00 
Pd2(dba)3 BrettPhos 0.00 
Pd2(dba)3 t-BuXPhos 0.00 
Pd2(dba)3 (dppe)PdCl2 precatalyst 0.00 
Pd(OAc)2 BippyPhos 0.00 
Pd(OAc)2 QPhos 0.00 
Pd(OAc)2 SPhos 0.00 
Pd(OAc)2 JohnPhos 0.00 
Pd(OAc)2 TrippyPhos 0.00 
Pd(OAc)2 dppf 0.00 
Pd(OAc)2 RuPhos 0.00 
Pd(OAc)2 t-BuMePhos 0.00 
Pd(OAc)2 t-BuBrettPhos 0.00 
Pd(OAc)2 Kwong Indole Ligand 0.00 
Pd(OAc)2 dtbpf 0.00 
Pd(OAc)2 MePhos 0.00 
Table 3.1. Raw Data Table of Results from Broad High-Throughput Screen Evaluating Ligand 
and Solvent Effects for the Racemic Quaternary α-Arylation of α-Fluoro Phosphine Oxides 
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Entry Solventa Result (by 19F NMR) 
1 toluene 6% starting material, 78% product 
2 DMF 23% starting material, 15% product 
3 1:1 DMF:toluene 5% starting material, 7% product 
4 CPME 4% starting material, 19% product 
5 1:1 CPME:toluene 91% starting material, 6% product 
6 dioxane 36% starting material, no product 
7 1:1 dioxane:toluene 11% starting material, no product 
8 2-MeTHF 47% starting material, no product 
9 diglyme no starting material, no product 
10 trifluorotoluene 3% starting material, 46% product 
a The general procedure described on page 118 was followed on 0.1 mmol scale. 
Table 3.2. Results of Solvent Screen for the Racemic Quaternary α-Arylation Reaction 
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Entry Basea Result (by 19F NMR) 
1 KOtBu 6% starting material, no product 
2 K2CO3 100% starting material, no product 
3 KHMDS 6% starting material, 78% product 
4 K3PO4 91% starting material, 6% product 
5 Cs2CO3 43% starting material, 17% product 
6 NaH 39% starting material, no product 
7 KOH 83% starting material, no product 
8 NaHMDS no starting material, no product 
9 NEt3 100% starting material, no product 
10 LDA 0% starting material, no product 
a The general procedure described on page 118 was followed on 0.1 mmol scale. 
Table 3.3. Results of Base Screen for the Racemic Quaternary α-Arylation Reaction 
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Entry Additive (Equivalents)a Result (by 19F NMR) 
1 none 3% starting material, 46% product 
2 18-crown-6 (1.2 equiv) no starting material, 6% product 
3 AgPF6 (1.2 equiv) 19% starting material, no product 
4 Ag2O (1.2 equiv) 2% starting material, 2% product 
5 AgSbF6 (1.2 equiv) 5% starting material, 1% product 
6 Ag3PO4 (1.2 equiv) 3% starting material, 5% product 
a Additives were added in the glovebox, following the general procedure described on page 118, on 0.1 
mmol scale in trifluorotoluene 
Table 3.4. Results of Additive Screen for the Racemic Quaternary α-Arylation Reaction 
 
General Procedure A 
 In a glovebox, a flame-dried microwave vial containing a magnetic stirbar was 
charged with KHMDS (47.9 mg, 0.24 mmol), [Pd(allyl)Cl]2 (3.7 mg, 0.01 mmol), XantPhos 
(5.8 mg, 0.01 mmol), and ethyl 2-(diphenylphosphoryl)-2-fluoroacetate (3.1) (61.3 mg, 0.2 
mmol). The vial was capped and brought out of the glovebox. Toluene (2.0 mL) was added 
via syringe, followed by iodobenzene (66.9 µL, 0.6 mmol). The vial was then heated to 
110 °C in an oil bath with vigorous stirring. After 16 hours, the reaction mixture was allowed 
to cool to 25 °C, then quenched with 1.0 mL of pH=7 phosphate buffer. This mixture was 
diluted with H2O and extracted with CH2Cl2 (3 x 15 mL). The combined organic layers were 
dried over MgSO4 and concentrated in vacuo. The resulting residue was either purified by 
flash column chromatography or analyzed by 19F NMR using an internal standard of 1.0 
equivalents of fluorobenzene. 
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Ethyl 2-(diphenylphosphoryl)-2-fluoroacetate (3.1) 
 Under an argon atmosphere, a round bottomed flask containing a magnetic stirbar 
and equipped with a reflux condenser was charged with ethoxydiphenylphosphane (20.2 
g, 88 mmol)95. Ethyl 2-bromo-2-fluoroacetate (10.4 mL, 88 mmol) was charged, and the 
reaction was heated to reflux. After 4.5 hours, the reaction was cooled. The resulting 
residue was purified by flash column chromatography (50% EtOAc/hexanes) to afford the 
title compound as a white powder (10.28 g, 38%, unoptimized). mp: 146-147 °C; 1H NMR 
(499.7 MHz, CDCl3) δ 7.92-7.84 (m, 4H), 7.65-7.60 (m, 2H), 7.56-7.52 (m, 4H), 5.70 (dd, 
JH-P = 8.0 Hz, JH-F = 47.0 Hz, 1H), 4.91 (q, J = 7.2 Hz, 2H), 1.11 (t, J = 7.0 Hz, 3H); 13C 
NMR (125.7 MHz, CDCl3) δ 165.2 (d, J = 22.0 Hz), 133.3 (d, J = 2.8 Hz), 133.1 (d, J = 2.9 
Hz), 132.1 (d, J = 2.0 Hz), 132.04 (d, J = 2.9 Hz), 131.96 (d, J = 2.9 Hz), 131.88 (d, J = 
1.8 Hz), 129.0 (d, J = 14.8 Hz), 128.9 (d, J = 14.8 Hz), 88.5 (dd, JC-P = 70.5 Hz, JC-F = 203.6 
Hz), 62.6, 14.1; 19F{1H} NMR (282.4 MHz, CDCl3) δ -202.2 (d, JF-P = 59.3 Hz); 31P{1H} NMR 
(145.8 MHz, CDCl3) δ 26.3 (d, JP-F = 57.7 MHz); IR (neat) 3058, 2924, 1756, 1246, 1190, 
1071, 698 cm-1; HRMS (ESI) calculated for C16H17O3FP [M+H]+, m/z = 307.0899; found 
307.0902. 
 
                                                     
95 Ethoxydiphenylphosphane was synthesized following the procedure outlined in the following 
reference, and was used without purification. Note: the product is air sensitive, so care was taken 
to minimize atmospheric exposure. Germaund, L.; Brunel, S.; Chevalier, Y.; Le Perchec, P., 
Synthèses de Phosphobétaïnes Ampiphiles Neutres à Distances Intercharge Variables. Bull. Soc. 
Chim. Fr. 1988, 4, 699-704. 
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Ethyl 2-(diphenylphosphoryl)-2-fluoro-2-phenylacetate (3.9) 
 The general procedure A was followed. The resulting residue was purified by flash 
column chromatography (50% EtOAc/hexanes) to afford the title compound as a pale 
yellow oil (38.3 mg, 50%). 1H NMR (500 MHz, CDCl3) δ 8.14-8.1 (m, 2H), 7.7-7.63 (m, 
3H), 7.59-7.56 (m, 2H), 7.50-7.46 (m, 3H), 7.37-7.3 (m, 5H), 4.1 (q, J = 7.0 Hz, 2H), 1.0 
(t, J = 7.0 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ 166.5 (dd, J = 4.6 Hz, 23.8 Hz), 133.0 
(d, J = 2.8 Hz), 132.7 (d, J = 1.9 Hz), 132.6 (d, J = 2.1 Hz), 132.4 (dd, J = 3.3 Hz, 8.8 Hz), 
131.7 (d, J = 20.7 Hz), 131.1, 129.1, 129.0, 128.9 (d, J = 12.1 Hz), 128.3, 128.2, 128.1, 
125.8 (dd, J = 2.9 Hz, 10.2 Hz), 62.9, 13.9; 19F{1H} NMR (338.9 MHz, CDCl3) δ -169.4 (d, 
JF-P = 74.5 Hz); 31P{1H} NMR (145.8 MHz, CDCl3) δ 27.5 (d, JP-F = 74.4 MHz); IR (neat) 
3057, 1750, 1591, 1265, 1246, 1206, 1116 cm-1; HRMS (ESI) calculated for 
C22H20O3FPNa [M+Na]+, m/z = 405.1032; found 405.1050. 
 
Asymmetric Reaction Development  
 The third 96-well plate screen investigated a wide array of asymmetric ligands. The 
screen followed the above procedure using 5 mol% [Pd(allyl)Cl]2, 20 mol% phosphine 
ligands (10 mol% for bidentate phosphine ligands), 1.2 equivalents KHMDS, 3.0 
equivalents iodobenzene, 1.0 equivalents ethyl 2-(diphenylphosphoryl)-2-fluoroacetate 
(3.1), and 0.1 M toluene. The plate was heated at 100 °C for 18 h. The plate was cooled 
and quenched by the addition 500 µL of acetonitrile (not dry), containing an internal 
standard (1 µmol t-Bu-biphenyl, 10 mol%). The vials were vigorously stirred, then 
evaporated via a Genovac to remove toluene. The plate was then charged with 500 µL of 
acetonitrile and 50 µL of DMSO, then the vials were vigorously stirred. 75 µL aliquots from 
each reaction vial were transferred to an LC block (Analytical Sales and Services, part # 
17P687), which was diluted with 750 µL acetonitrile. The 96-well plate LC block was then 
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sealed with a polypropylene 1 mL cap mat (Analytical Sales and Services, part # 96057). 
The reactions were analyzed as described earlier. The results of the screen are shown in 
Figure 3.11, though, as the asymmetric ligand hits could not be reproducible on scale, no 
scale up validation results are shown. 
Ligand Set: See Figure 3.10 below. 
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Figure 3.10. Ligand Set Used in High-Throughput Screen Evaluating Asymmetric Ligands for the 
Quaternary α-Arylation of α-Fluoro Phosphine Oxides 
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Figure 3.11. Results of High-Throughput Screen of 37 Chiral Ligands and 5 Racemic Ligands for 
the Asymmetric Quaternary Arylation 
 
Copper-Catalyzed Conditions for the α-Arylation of α-Fluoro Phosphine Oxide69 
 In a glovebox, a flame-dried microwave vial containing a magnetic stirbar was 
charged with base (0.133 mmol), CuI (1.0 mg, 0.005 mmol), and ethyl 2-
(diphenylphosphoryl)-2-fluoroacetate (3.1) (33.7 mg, 0.11 mmol). The vial was capped 
and brought out of the glovebox. Toluene (1.0 mL) was added via syringe, followed by 
racemic trans-1,2-diaminocyclohexane (1.2 µL, 0.01 mmol) and iodobenzene (11.1 µL, 
0.1 mmol). The vial was then heated to 70 °C in an oil bath with vigorous stirring. After 
approximately 20 hours, the reaction mixture was allowed to cool to 25 °C, then quenched 
with 1.0 mL of pH=7 phosphate buffer. This mixture was diluted with H2O and extracted 
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with CH2Cl2 (3 x 15 mL). The combined organic layers were dried over MgSO4 and 
concentrated in vacuo. The resulting residue was analyzed by 19F NMR using an internal 
standard of 1.0 equivalents fluorobenzene. 
 
 
Entry Base Result (by 19F NMR) 
1 KOtBu no starting material, no product 
2 Cs2CO3 63% starting material, 4% product 
3 KHMDS 14% starting material, no product 
4 NaH no starting material, no product 
Table 3.5. Screen of Bases Using Copper Catalyst and Amine Ligand 
 
Copper-Catalyzed Conditions for the α-Arylation of α-Fluoro Phosphine Oxide78e 
 In a glovebox, a flame-dried microwave vial containing a magnetic stirbar was 
charged with base (0.2 mmol), Ni(COD)2 (5.5 mg, 0.02 mmol), (R)-BINAP (14.9 mg, 0.024 
mmol), and ethyl 2-(diphenylphosphoryl)-2-fluoroacetate (3.1) (30.6 mg, 0.1 mmol). The 
vial was capped and brought out of the glovebox. Toluene (0.5 mL) was added via syringe, 
followed by chlorobenzene (20.3 µL, 0.2 mmol). The vial was then heated to 80 °C in an 
oil bath with vigorous stirring. After approximately 20 hours, the reaction mixture was 
allowed to cool to 25 °C, then quenched with 1.0 mL of saturated aqueous ammonium 
chloride. This mixture was diluted with H2O and extracted with CH2Cl2 (3 x 15 mL). The 
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combined organic layers were dried over MgSO4 and concentrated in vacuo. The resulting 
residue was analyzed by 19F NMR using an internal standard of 1.0 equivalents 
fluorobenzene. 
 
Entry Base Result (by 19F NMR) 
1 KOtBu no starting material, no product 
2 Cs2CO3 63% starting material, 4% product 
3 KHMDS 14% starting material, no product 
4 NaH no starting material, no product 
Table 3.6. Screen of Bases Using Nickel Catalyst and Phosphine Ligand 
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CHAPTER 4: MECHANISTIC STUDIES OF THE CHEMOSELECTIVE 
ACTIVATION OF C(sp3)–H BONDS OVER C(sp2)–H BONDS WITH 
PALLADIUM (II) 
4.1. Background 
4.1.1. C–H Activation 
 Activation of C–H bonds is a rapidly growing field in organic chemistry. 96 This 
interest reflects a drive toward more ideal organic reactions, where the reacting centers 
do not need to be functionalized prior to bond formation.97 Not only can this type of bond 
construction reduce the length of synthetic sequences by avoiding these pre-
functionalization steps, but it can also minimize waste by maximizing atom-efficiency in 
synthesis.  
 Cross dehydrogenative coupling in carbon-carbon bond formation involves a 
selective C–H activation of both reactants, followed by the bond formation step.98 While 
this strategy is attractive, it presents two significant challenges. First, carbon-hydrogen 
bonds are relatively inert. Transition metals, and palladium in particular, have been shown 
to be able to insert into C–H bonds, forming more reactive species.99 The second 
                                                     
96 (a) Wencel-Delord, J.; Droge, T.; Liu, F.; Glorius, F., Towards Mild Metal-Catalyzed C−H Bond 
Activation. Chem. Soc. Rev. 2011, 40 (9), 4740-4761.(b) Liu, C.; Zhang, H.; Shi, W.; Lei, A., Bond 
Formations between Two Nucleophiles: Transition Metal Catalyzed Oxidative Cross-Coupling 
Reactions. Chem. Rev. 2011, 111 (3), 1780-1824. 
97 Constable, D. J. C.; Dunn, P. J.; Hayler, J. D.; Humphrey, G. R.; Leazer, J. J. L.; Linderman, R. 
J.; Lorenz, K.; Manley, J.; Pearlman, B. A.; Wells, A.; Zaks, A.; Zhang, T. Y., Key Green 
Chemistry Research Areas - A Perspective from Pharmaceutical Manufacturers. Green 
Chemistry 2007, 9 (5), 411-420. 
98 Yeung, C. S.; Dong, V. M., Catalytic Dehydrogenative Cross-Coupling: Forming 
Carbon−Carbon Bonds by Oxidizing Two Carbon−Hydrogen Bonds. Chem. Rev. 2011, 111 (3), 
1215-1292. 
99 (a) Crabtree, R. H., The Organometallic Chemistry of Alkanes. Chem. Rev. 1985, 85 (4), 245-
269. (b) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H., Selective Intermolecular 
Carbon-Hydrogen Bond Activation by Synthetic Metal Complexes in Homogeneous Solution. Acc. 
Chem. Res. 1995, 28 (3), 154-162. (c) Baudoin, O., Transition Metal-Catalyzed Arylation of 
Unactivated C(sp3)−H Bonds. Chem. Soc. Rev. 2011, 40 (10), 4902-4911. 
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challenge is the difficulty in achieving chemoselectivity in the activation of specific carbon-
hydrogen bonds. Carbon–hydrogen bonds are ubiquitous in organic chemistry, so it is no 
small feat to selectively activate these relatively inert bonds. 
 Much of the current literature makes use of directing groups to achieve the 
chemoselective activation of C–H bonds.99c,100 Directing groups coordinate to the transition 
metal, placing the metal center in close proximity to the C–H bond, predisposing it toward 
oxidative addition by the metal center. One of the first examples of this type of C(sp3)–H 
activation by palladium was reported by Yu and coworkers, and is shown in Scheme 4.1.101 
However, the directing group often needs to be installed and later removed, limiting this 
strategy in synthetic application. Non-directed activation remains an under-studied area in 
the field of C–H activation. 
 
Scheme 4.1. Directed Palladium-Catalyzed C(sp3)–H Activation101 
 
4.1.2. Toluene Derivatives as Substrates in Palladium-Mediated C(sp2)–H 
Activation 
 Toluene derivatives have been used in palladium-mediated C(sp2)–H activation. 
They are attractive as coupling partners because they are inexpensive and easily 
derivatized. As shown in Scheme 4.2, in 2008, Shi and coworkers reported the dual 
                                                     
100 Lyons, T. W.; Sanford, M. S., Palladium-Catalyzed Ligand-Directed C−H Functionalization 
Reactions. Chem. Rev. 2010, 110 (2), 1147-1169.  
101 Giri, R.; Maugel, N.; Li, J.-J.; Wang, D.-H.; Breazzano, S. P.; Saunders, L. B.; Yu, J.-Q., 
Palladium-Catalyzed Methylation and Arylation of sp2 and sp3 C−H Bonds in Simple Carboxylic 
Acids. J. Am. Chem. Soc. 2007, 129 (12), 3510-3511. 
122 
 
C(sp2)–H activation of o-xylene and the tetrahydroquinoline 4.1.102 Soon after, DeBoef and 
coworkers reported the dual C(sp2)–H activation of m-xylene and the N-protected indole 
4.4.103 
 
Scheme 4.2. Palladium-Catalyzed C(sp2)–H Activation of Toluene Derivatives102,103 
 
 As shown in Figure 4.1, the C(sp2)–H bond is stronger than the benzylic C–H bond, 
meaning that C(sp2)–H activation is not driven by insertion into the weakest C–H bond. 
Rather, the selective activation of the C(sp2)–H bond of the tolyl derivative can be 
attributed to a more favorable coordination of the palladium to the π-system of the arene 
for the concerted acetate-assisted metalation-deprotonation, as shown in Figure 4.2.104 
                                                     
102 Li, B.-J.; Tian, S.-L.; Fang, Z.; Shi, Z.-J., Multiple C−H Activations To Construct Biologically 
Active Molecules in a Process Completely Free of Organohalogen and Organometallic 
Components. Angew. Chem. Int. Ed. 2008, 47 (6), 1115-1118. 
103 Potavathri, S.; Pereira, K. C.; Gorelsky, S. I.; Pike, A.; LeBris, A. P.; DeBoef, B., 
Regioselective Oxidative Arylation of Indoles Bearing N-Alkyl Protecting Groups: Dual C−H 
Functionalization via a Concerted Metalation−Deprotonation Mechanism. J. Am. Chem. Soc. 
2010, 132 (41), 14676-14681. 
104 (a) Lapointe, D.; Fagnou, K., Overview of the Mechanistic Work on the Concerted Metallation-
Deprotonation Pathway. Chem. Lett. 2010, 39 (11), 1118-1126. (b) Balcells, D.; Clot, E.; 
Eisenstein, O., C−H Bond Activation in Transition Metal Species from a Computational 
Perspective. Chem. Rev. 2010, 110 (2), 749-823. 
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The palladium coordinates to the less hindered side of the arene, leading to a more 
favorable C(sp2)–H activation, rather than a benzylic activation. 
 These examples show that methyl or alkyl groups are unreactive in Pd–mediated 
C–H activation processes. 
 
Figure 4.1. Comparison of C–H Bond Strengths in Toluene 
 
 
Figure 4.2. Plausible C–H Activation Mechanisms for C(sp3)–H and C(sp2)–H Bond Activation 
 
4.1.3. Cross Dehydrogenative Coupling with Tolyl Radicals 
 Toluene derivatives are ubiquitous, so selective activation of the benzylic position 
is desirable as well. The most logical way to selectively activate the benzylic position is to 
take advantage of the weaker C(sp3)–H bond strength. There are several examples in the 
literature that employ tolyl radicals for bond formation.105 All involve the in situ generation 
                                                     
105 (a) Li, Z.; Cao, L.; Li, C.-J., FeCl2-Catalyzed Selective C−C Bond Formation by Oxidative 
Activation of a Benzylic C−H Bond. Angew. Chem. Int. Ed. 2007, 46 (34), 6505-6507. (b) 
Borduas, N.; Powell, D. A., Copper-Catalyzed Oxidative Coupling of Benzylic C−H Bonds with 
1,3-Dicarbonyl Compounds. J. Org. Chem. 2008, 73 (19), 7822-7825. (c) Li, Y.-Z.; Li, B.-J.; Lu, 
X.-Y.; Lin, S.; Shi, Z.-J., Cross Dehydrogenative Arylation (CDA) of a Benzylic C−H Bond with 
Arenes by Iron Catalysis. Angew. Chem. Int. Ed. 2009, 48 (21), 3817-3820. (d) Powell, D. A.; 
Fan, H., Copper-Catalyzed Amination of Primary Benzylic C−H Bonds with Primary and 
Secondary Sulfonamides. J. Org. Chem. 2010, 75 (8), 2726-2729. (e) Cui, Z.; Shang, X.; Shao, 
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of a benzylic radical, which is then intercepted by palladium for the bond formation 
process. Most involve a doubly benzylic radical, though there are two examples using a 
toluene radical in carbon–carbon bond formation, as shown in Scheme 4.3.  
 
Scheme 4.3. In Situ Generation of Tolyl Radical for the Cross Dehydrogenative Coupling to Form 
Benzyl Esters106 
 
4.1.4. Cross Dehydrogenative Coupling with Toluene 
 There are few examples of non-radical, non-directed processes for the C(sp3)–H 
activation of toluene. In 2007, Lu and coworkers reported the selective C–H activation of 
toluene using Pd(OAc)2 and trifluoroacetic acid, as shown in Scheme 4.4.107 With large 
amounts of trifluoroacetic acid, the dual C(sp3)–H / C(sp2)–H activation product 4.8 
predominates. With small amounts of trifluoroacetic acid, the doubly C(sp2)–H activation 
product 4.9 predominates. This regioselectivity is hypothesized to be the result of steric 
interactions. The authors propose that the C(sp2)–H activation is energetically favorable, 
presumably due to the more thermodynamically stable C(sp2)–Pd bond. The subsequent 
benzylic C(sp3)–H activation is sterically less hindered, though less reactive. Large 
amounts of trifluoroacetic acid are thought to enhance the reactivity of the initial Pd(II)-
C(sp2)-aryl intermediate, allowing the formation of product 4.8.  
                                                     
X.-F.; Liu, Z.-Q., Copper-Catalyzed Decarboxylative Alkenylation of sp3 C−H Bonds with 
Cinnamic Acids via a Radical Process. Chem. Sci. 2012, 3 (9), 2853-2858. 
106 (a) Xie, P.; Xie, Y.; Qian, B.; Zhou, H.; Xia, C.; Huang, H., Palladium-Catalyzed Oxidative 
Carbonylation of Benzylic C–H Bonds via Nondirected C(sp3)–H Activation. J. Am. Chem. Soc. 
2012, 134 (24), 9902-9905. (b) Xie, P.; Xia, C.; Huang, H., Palladium-Catalyzed Oxidative 
Aminocarbonylation: A New Entry to Amides via C–H Activation. Org. Lett. 2013, 15 (13), 3370-
3373. 
107 Rong, Y.; Li, R.; Lu, W., Palladium(II)-Catalyzed Coupling of p-Xylene via Regioselective C−H 
Activation in TFA. Organometallics 2007, 26 (18), 4376-4378. 
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Scheme 4.4. Regioselective C–H Activation of Toluene with Pd(II)107 
 
 Another example comes from Bryant and coworkers in 1968.108 They reported the 
oxidative acetoxylation of toluene using Pd(OAc)2 under oxygen, achieving the C(sp3)–H 
activation in moderate yield. In 2013, Zhang and coworkers improved this reaction by 
switching from alkyl carboxylic acids to benzoic acids, as shown in Scheme 4.5. Zhang 
and coworkers conducted kinetic isotope effect studies indicating C(sp3)–H activation to 
be the rate determining step.109 Thus, they proposed C(sp3)–H activation of toluene by 
palladium(II) to be the first step in the mechanism, generating a Pd(II)–benzyl 
intermediate. Pd(0), generated by the reductive elimination of the product, is oxidized by 
O2 to regenerate the active Pd(II) catalyst. 
 
Scheme 4.5. C–H Activation of Toluene for the Benzylation of Carboxylic Acids110 
 
                                                     
108 Bryant, D. R.; McKeon, J. E.; Ream, B. C., Palladium-Catalyzed Synthesis of Benzyl Esters 
from Methyl-Benzenes. J. Org. Chem. 1968, 33 (11), 4123-4127. 
109 Kinetic isotope effects were found to be 2.0 and 2.4 for 4-methoxybenzoic acid and 4-
trifluoromethylbenzoic acid, respectively. 
110 Liu, H.; Shi, G.; Pan, S.; Jiang, Y.; Zhang, Y., Palladium-Catalyzed Benzylation of Carboxylic 
Acids with Toluene via Benzylic C–H Activation. Org. Lett. 2013, 15 (16), 4098-4101. 
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4.1.5. Initial Discovery 
 Dr. John Curto began investigating the asymmetric α-arylation of oxazolones, in 
the hope of generating α,α-disubstituted amino acid derivatives. In the course of a broad 
ligand screen, a serendipitous discovery was made – when using P(OEt)3 as a ligand in 
the reaction, only benzylation product 4.12 was observed, as shown in Scheme 4.6.111 By 
process of elimination, it was found that benzylation was arising from the solvent, toluene, 
and that only Pd(OAc)2 was required for the reaction to proceed. These conditions are 
indeed surprising, as Pd(OAc)2 is a ubiquitous Pd source in cross-coupling reactions, and 
toluene is frequently used as a solvent in these transformations.  
 
Scheme 4.6. Initial Discovery of the C(sp3)–H Bond Activation of Toluene 
 
 Investigating the reaction further led to the discovery that C–H activation was 
selective for the least hindered C(sp3)–H bond. As shown in Figure 4.3, when ethyl 
benzene was subjected to the conditions for the C–H activation, the least hindered C(sp3)–
H bond was activated in 72% yield to afford 4.14, rather than the benzylic C(sp3)–H bond 
to generate a tertiary center. This reactivity proved general, as reaction of 2-methyl 
naphthalene gave the analogous product 4.15 in 65% isolated yield. Furthermore, reaction 
of propyl benzene and butyl benzene also selectively gave products resulting from the 
terminal activation, albeit in lower yield. These products in particular are quite interesting, 
                                                     
111 Curto, J. M.; Kozlowski, M. C., Chemoselective Activation of sp3 vs sp2 C–H Bonds with Pd(II). 
J. Am. Chem. Soc. 2015, 137, 18-21. 
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and provide valuable mechanistic insight.  
 
Figure 4.3. Discovery of the Homologated Series111 
 
 It should be noted that in Dr. Curto’s reactions, product formation required 
stoichiometric amounts of Pd(OAc)2. Given the chemistry community’s growing interest in 
this field, Dr. John Curto set out to identify a plausible mechanism for this transformation, 
anticipating that a more complete understanding of the reaction would not only allow for 
an expansion of the types of starting materials, but perhaps also lead to the identification 
of a catalytic system for the process. 
 
4.1.6. Prior Mechanistic Studies of C(sp3)–H Activation of Toluene 
 In the initial publication, a tentative mechanism was proposed, shown in Figure 
4.4. Dr. Curto conducted several mechanistic experiments and was able to make several 
determinations that led to this mechanistic proposal. He identified the C–H activation as 
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the rate determining step via a set of kinetic isotope effect studies. He ruled out radical 
intermediates using two sets of experiments – one set included various radical inhibitors, 
and the second involved controlled radical initiation. His mechanistic experiments were 
incomplete, and will be discussed throughout the results section, in the context of new 
mechanistic experiments. 
 
Figure 4.4. First Proposed Mechanism for the C(sp3)–H Bond Activation111 
 
 In considering the proposed mechanism illustrated in Figure 4.4, the first point to 
note is that the oxazolone starting material is oxidized to the oxazolone dimer in situ by 
Pd(OAc)2. This result was observed via 1H NMR. Additionally, the isolated oxazolone 
dimer was subjected to the reaction conditions and the C–H activation product was 
isolated in comparable yield. Secondly, the C(sp3)–H bond activation is proposed to occur 
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directly from toluene and Pd(OAc)2, forming a benzyl palladium acetate species. While 
this intermediate has been proposed by both Lu107 and Zhang,110 there has been no direct 
evidence for the formation of this species under these relatively mild reaction conditions. 
There are two possible pathways that are proposed from the benzyl palladium 
intermediate. “Path A” is a concerted σ-metathesis of the Pd–C bond of the benzyl 
intermediate and the central C–C bond of the oxazolone dimer. This would release one 
equivalent of the benzylated product, leaving one equivalent of oxazolone coordinated to 
palladium. “Path B” is the direct oxidative addition of the central C–C bond of the 
oxazolone dimer, yielding a Pd(IV) intermediate. This highly reactive species can then 
undergo reductive elimination to afford one equivalent of the benzylated product and one 
equivalent of the Pd(II)–oxazolone intermediate. This common intermediate can then be 
protonated by AcOH, forming an equivalent of oxazolone monomer and regenerating 
Pd(OAc)2. However, Pd(IV) formation normally requires the use of strong oxidants, such 
as hypervalent iodine reagents112 or peroxides.113 Furthermore, the central C–C bond of 
the oxazolone dimer is quite sterically hindered, making a direct oxidative addition 
challenging.  
 The unique reactivity observed in the homologated substrate class was initial 
evidence against a radical mechanism. These products would simply not be accessible if 
                                                     
112 (a) Yoneyama, T.; Crabtree, R. H., Pd(II)-Catalyzed Acetoxylation of Arenes with Iodosyl 
Acetate. J. Mol. Catal. A: Chem. 1996, 108 (1), 35-40. (b) Dick, A. R.; Hull, K. L.; Sanford, M. S., 
A Highly Selective Catalytic Method for the Oxidative Functionalization of C−H Bonds. J. Am. 
Chem. Soc. 2004, 126 (8), 2300-2301. (c) Desai, L. V.; Hull, K. L.; Sanford, M. S., Palladium-
Catalyzed Oxygenation of Unactivated sp3 C−H Bonds. J. Am. Chem. Soc. 2004, 126 (31), 9542-
9543. 
113 (a) Giri, R.; Liang, J.; Lei, J.-G.; Li, J.-J.; Wang, D.-H.; Chen, X.; Naggar, I. C.; Guo, C.; 
Foxman, B. M.; Yu, J.-Q., Pd-Catalyzed Stereoselective Oxidation of Methyl Groups by 
Inexpensive Oxidants under Mild Conditions: A Dual Role for Carboxylic Anhydrides in Catalytic 
C−H Bond Oxidation. Angew. Chem. Int. Ed. 2005, 44 (45), 7420-7424. (b) Desai, L. V.; Malik, H. 
A.; Sanford, M. S., Oxone as an Inexpensive, Safe, and Environmentally Benign Oxidant for C−H 
Bond Oxygenation. Org. Lett. 2006, 8 (6), 1141-1144. 
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regioselectivity was determined by a radical propagation event. 
 
4.2. Results 
4.2.1. Mechanistic Hypothesis of Homologated Series 
 The reactivity of the homologated series was the first target of mechanistic 
investigations. A deuterium-labeling experiment was performed with d2-ethylbenzene, as 
shown in Scheme 4.7.111 Deuterium scrambling was observed at both methylene carbons 
in the C(sp3)–H activation product.  
 
Scheme 4.7. Deuterium Labelling Experiment to Investigate Homologated Series111 
 
 This result implies that the terminal selectivity in this reaction arises from a zipper-
type isomerization pathway, illustrated in Scheme 4.8. After the initial benzylic C(sp3)–H 
activation, a β–H elimination occurs, allowing the Pd to then reinsert at the less hindered 
terminal position, where reductive elimination can then occur to afford the product. The 
generation of this terminally activated product, alongside the deuterium scrambling 
experiment, imply that a Pd–benzyl species is an intermediate in the reaction. 
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Scheme 4.8. Mechanistic Hypothesis of the Homologated Series 
 
 To further support this mechanistic hypothesis, styrene was subjected to the 
reaction conditions; however, it did not result in alkylated product.111 This observation can 
be explained by the requirement that the intermediate from the β–H elimination remain 
bound to the Pd in order to proceed down the migration-reinsertion pathway to product 
formation.  
 In a final effort to prove this mechanistic explanation for the homologated series, 
we conducted careful observation of crude reaction mixtures of the reaction of ethyl- and 
propylbenzene, and were able to identify and isolate small amounts of the β–H elimination 
byproducts in the reaction, which result from a Heck-type insertion mechanism into the β-
hydride elimination intermediate.  
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Figure 4.5. Isolation of Byproducts from the Homologated Series 
 
 Together with the results of the deuterium scrambling experiment, this is 
conclusive evidence for the proposed mechanism shown in Scheme 4.8, and for the 
intermediacy of a Pd–benzyl species in the C(sp3)–H activation reaction. 
 
4.2.2. Kinetic Isotope Effect Studies 
 One other primary piece of mechanistic evidence is the kinetic isotope effect. The 
initial mechanistic proposal involved direct C(sp3)–H activation. It was anticipated that a 
significant kinetic isotope effect would be observed for the benzylic sp3 hydrogens. As 
illustrated in Scheme 4.9a, a kinetic isotope effect of 3.21 was indeed observed with 
toluene and toluene-d8. Another possible mechanism for the C(sp3)–H activation involves 
π-coordination to Pd, insertion at the more energetically favorable C(sp2)–H bond, and 
isomerization to the less sterically hindered benzylic position via a π-allyl species. Thus, 
a study was conducted using toluene-d3, as shown in Scheme 4.9b. A kinetic isotope effect 
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of 2.72 was observed. Finally, a study was conducted using toluene-d5, as illustrated in 
Scheme 4.9c.111 A kinetic isotope effect of 1.09 was observed, indicating that initial 
insertion into the C(sp2)–H bond is unlikely. Thus, C(sp3)–H insertion was shown to be 
rate determining, and does not occur via π-allyl isomerization. 
 
Scheme 4.9. Calculated Kinetic Isotope Effects for Toluene vs. Toluene–d8, Toluene–d3, and 
Toluene–d5 
 
4.2.3. Investigation of Palladium(0) 
 Soon after the publication of the initial report, we were approached by Dr. Ken 
Houk, who was interested in possibly investigating the mechanism of the reaction 
computationally. Dr. Yunfang Yang in his group performed some preliminary computations 
investigating the selectivity of C(sp3)–H versus C(sp2)–H activation with Pd(II). These 
calculations showed that C(sp2)–H activation was more energetically favorable than 
134 
 
C(sp3)–H activation. However, as shown in Figure 4.6, they did observe the correct 
selectivity when using Pd(0). 
 
Figure 4.6. Initial Computational Findings of Pd(0)-Mediated C(sp3)–H vs. C(sp2)–H Activation by 
the Houk Group, as compared to Pd(OAc)2 
 
 Thus, different Pd(0) sources were investigated to determine which oxidation state 
of palladium was operational in the reaction, as shown in Table 4.1. First, control 
experiments were conducted, showing that product forms from both oxazolone monomer 
(4.11) and oxazolone dimer (4.19) with Pd(OAc)2. Pd(PPh3)4 was used, but no product 
was formed in the reaction. Arguably, this could be due to the strong ligation of the 
phosphine ligands, preventing the oxazolone from coordinating to the palladium. Thus, 
Pd2(dba)3 was also attempted. Trace amounts of product were observed. This was 
attributed to the well-known variability in commercially available Pd2(dba)3.114 To confirm 
that this result was not due to reactivity of Pd(0), the reaction mixtures were sparged with 
H2, a very clean reductant, before heating to ensure that all Pd was in the Pd(0) oxidation 
state. This experiment indeed did not result in product. Finally, it was hypothesized that 
perhaps only dimer formation requires palladium, and that the C–H activation was not 
palladium–mediated. Thus, 4.19 was heated in toluene with no palladium source, but 
product formation was not observed. 
                                                     
114 Zalesskiy, S. S.; Ananikov, V. P., Pd2(dba)3 as a Precursor of Soluble Metal Complexes and 
Nanoparticles: Determination of Palladium Active Species for Catalysis and Synthesis. 
Organometallics 2012, 31 (6), 2302-2309. 
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Entry Starting Material Conditions Resulta 
1 4.19 Pd(OAc)2 32% 
2 4.11 Pd(OAc)2 15% 
3 4.19 Pd(PPh3)4 0% 
4 4.11 Pd(PPh3)4 0% 
5 4.19 Pd2(dba)3 10% 
6 4.11 Pd2(dba)3 2% 
7 4.19 Pd2(dba)3, H2 0%  
8 4.11 Pd2(dba)3, H2 0% 
9 4.19 None 0% 
a NMR yield based on internal standard 
Table 4.1. Investigation of Palladium(0) Sources 
 
 Thus, palladium(0) was ruled out as an explanation for the chemoselective C(sp3)–
H bond activation, for both the oxazolone monomer and the dimer. It was also shown that 
the reaction requires palladium, both from the oxazolone monomer and the dimer. 
 
4.2.4. Radical Probe Experiments 
 As the chemoselectivity of the C(sp3)–H bond activation follows trends in bond 
dissociation energy, Dr. Curto performed several sets of experiments to rule out a radical 
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process.115 First, he introduced several different radical traps, as shown in Table 4.2. With 
TEMPO and BHT, a drop in reactivity was observed as compared to the control 
experiment. Of particular note, in the case of TEMPO, none of the radical trap was able to 
be isolated, and in the cases of BHT and 1,1-diphenylethylene, was not completely 
isolated. However, the maintenance of much of the reactivity was taken as evidence ruling 
out a free radical-mediated process. 
 
Entry Radical Trap 
Benzylated 
Product Yield 
Recovered 
Radical Trap 
Yield 
1 None 74% N/A 
2 TEMPO 54% 0% 
3 BHT 59% 67% 
4 1,1-Diphenylethylene 85% 58% 
Table 4.2. Radical Inhibitor Experiments with Toluene115 
 
 Next, he conducted experiments with ethyl benzene. Under the reported C(sp3)–H 
                                                     
115 Curto, J. M. Part I: Asymmetric Synthesis of α-Allyl-α-aryl α-Amino Acids; Part II: Asymmetric 
Spirocyclization of Allenyl Ketones; Part III: Chemoselective Activation of C(sp3)−H Bond Over 
C(sp2)−H Bond with Pd(II). University of Pennsylvania, 2014. 
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activation conditions, only the terminal activation product is observed. Under radical 
conditions, two different products predominate, arising from resonance structures of the 
intermediate oxazolone radical. First, he subjected the oxazolone monomer to the reaction 
conditions – Pd(OAc)2 at 95 °C. As expected, this resulted in only the C(sp3)–H activation 
product. Next, he subjected the oxazolone monomer to t-Bu2O2 at 120 °C, to ensure 
homolysis of the peroxide. This resulted in a mixture of the two radical products. In the 
presence of both Pd(OAc)2 and t-Bu2O2, below the homolysis temperature of the peroxide, 
only the C(sp3)–H activation product was observed. Finally, in the presence of both 
Pd(OAc)2 and t-Bu2O2, above the homolysis temperature of the peroxide, the C(sp3)–H 
activation product was observed in addition to the two radical products. This experiment 
was taken as conclusive evidence that the C(sp3)–H bond activation was not radical-
mediated. 
 
Entry 
Temperature 
(°C) 
Pd(OAc)2 (mol 
%) 
t-BuOOt-Bu 
(mol %) 
Result 
1 95 100 0 4.13 
2 120 0 200 4..21 + 4.22 
3 90 20 200 4.13 
4 120 20 200 4.13 + 4.21 + 4.22 
Table 4.3. Radical Initiator Experiments with Ethyl Benzene Substrate115 
 
 However, the drop in yield upon inclusion of TEMPO and BHT was troubling, as 
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was the inability to isolate all of the unreacted radical trap. If the reaction proceeded via 
radicals that were not free, i.e. remained tightly bound to Pd throughout the reaction, an 
introduced radical trap would not be a useful way to interrogate the nature of the 
intermediates in the reaction. Thus, an internal competition experiment was conducted 
using 4-ethyltoluene, illustrated in Scheme 4.10. In looking at this substrate, there are two 
possible locations for the initial C(sp3)–H activation. If activation primarily occurs at the 
methyl position (indicated in red), leading to 4.23, it can be concluded that the product 
distribution is driven by either sterics, given that this is the less hindered position, or 
statistics, as there are three available hydrogens. However, if activation occurs 
predominately at the ethyl position (indicated in pink), leading to 4.24, it can be concluded 
that the product distribution is driven by bond dissociation energy. In fact, 4.24 was formed 
in a 1.4:1 ratio over 4.23, indicating a greater proportion of activation at the ethyl position. 
This indicates that the toluene analog may have radical character in the product 
determining step. 
 
Scheme 4.10. Internal Competition Experiment with 4-Ethyl Toluene 
 
 Furthermore, in looking at some of the substrates that Dr. Curto investigated, a 
trend supporting the radical nature of the tolyl analog emerged, as illustrated in Table 
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4.4.116 Electron donating groups, such as a methoxy group, that could better stabilize a 
tolyl radical give greater amounts of C(sp3)–H activation product. Electron withdrawing 
groups, such as fluoro and trifluoromethyl groups that would destabilize a tolyl radical, 
give less of the C(sp3)–H activation product. 
 
Table 4.4. Examples from Substrate Investigation as Evidence for Tolyl Radical116 
 
4.2.5. Captodative Radical Substrates 
 Following this observation of radical character from the toluene analog, we became 
increasingly interested in investigating possible radical-containing mechanisms. In fact, 
the oxazolone starting material is well-known in the literature to behave as a captodative 
radical, illustrated in Figure 4.7.117 The oxazolone radical is especially stabilized by both 
                                                     
116 Dr. John M. Curto, Unpublished results. 
117 (a) Marquez, A.; Chuaqui, C. A.; Rodriguez, H.; Zagal, L., Generation and Fate of Free 
Radicals of Δ2-Oxazolin-5-ones. Tetrahedron 1985, 41 (12), 2341-2346. (b) Gotthardt, H.; 
Huisgen, R.; Bayer, H. O., 1,3-Dipolar Cycloaddition Reactions. LIII. Question of the 1,3-Dipolar 
Nature of Δ2-Oxazolin-5-ones. J. Am. Chem. Soc. 1970, 92 (14), 4340-4344. (c) Maquestiau, A.; 
Van Haverbeke, Y.; Vanden Eynde, J. J.; Crunelle, G., Étude de la Synthese et de la Structure de 
2-Aryl-4-methyl- et -4-phenyloxazoline-5-ones. Bull. Soc. Chim. Belg. 1977, 86 (81-86). (d) Gakis, 
N.; Märky, M.; Hansen, H.-J.; Heimgartner, H.; Schmid, H.; Oberhänsli, W. E., Photochemische 
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the electron-withdrawing carbonyl and the electron-donating nitrogen of the imine. This 
effect synergistically stabilizes the radical,118 perhaps providing an explanation for the lack 
of expected behavior when exposed to radical traps or radical initiators. These captodative 
radicals are frequently characterized by their propensity to dimerize,118,119 fitting well with 
our observation that the oxazolone monomer rapidly forms the dimer under the reaction 
conditions. In fact, the oxazolone has been shown to dimerize readily in air.120 
 
Figure 4.7. Oxazolones as Captodative Radicals 
 
 In collaboration with Dr. Uday Neelam, a visiting scholar in our laboratory, and Dr. 
                                                     
Synthese von 4-Phenyl-3-oxazolin-5-onen und deren Thermische Dimerisierung. Helv. Chim. 
Acta 1976, 59 (6), 2149-2167. (e) Dixit, V. M.; Bhat, V.; Trozzolo, A. M.; George, M. V., 
Sensitized Photooxygenations of Δ2-Oxazolin-5-ones and Related Studies. J. Org. Chem. 1979, 
44 (23), 4169-4173. (f) Padwa, A.; Akiba, M.; Cohen, L. A.; MacDonald, J. G., Aza Cope 
Rearrangements in the Cyclopropenyl- and Allyl-Substituted Δ2-Oxazolinone Systems. J. Org. 
Chem. 1983, 48 (5), 695-703. 
118 Viehe, H. G.; Janousek, Z.; Merenyi, R.; Stella, L., The Captodative Effect. Acc. Chem. Res. 
1985, 18 (5), 148-154. 
119 Korth, H.-G.; Sustmann, R.; Merenyi, R.; Viehe, H. G., Absolute Rates for Dimerization of 
Capto-Dative Substituted Methyl Radicals in Solution: Absence of Kinetic Stabilization. J. Chem. 
Soc., Perkin Trans. 2 1983,  (1), 67-74. 
120 (a) Rodriguez, H.; Marquez, A.; Chuaqui, C. A.; Gomez, B., Oxidation of Mesoionic 
Oxazolones by Oxygen. Tetrahedron 1991, 47 (30), 5681-5688. (b) Andersen, K. K.; Gloster, D. 
F.; Bray, D. D.; Shoja, M.; Kjær, A., Synthesis of Symmetrical 2,2′,4,4′-Tetrasubstituted[4,4′-
bioxazole]-5,5′(4H,4′H)-diones and Their Reactions with Some Nucleophiles. J. Heterocycl. 
Chem. 1998, 35 (2), 317-324. 
141 
 
Curto, several other substrates were discovered that share the stabilized radical character 
of the oxazolones.  These substrates are summarized in Figure 4.8, and all are currently 
under investigation in our laboratory. 
 
Figure 4.8. New Starting Material Classes in the C(sp3)–H Bond Activation 
 
 In particular, we were interested in studying the cyanoacetate substrate. The 
cyanoacetates performed similarly to the oxazolone in the reaction, giving 81% of the 
toluene C-H activation product and 33% of the ethylbenzene C-H activation product, as 
illustrated in Scheme 4.11. This substrate was particularly exciting because the dimer and 
its homolytic dissociation had been previously studied by Zhang and coworkers.121  
                                                     
121 Qi, C.; Shao, L.; Lu, Y.; Wang, C.; Zhang, X.-M., Thermolysis Kinetics of Diethyl 2,3-Dicyano-
2,3-Di(p-substituted phenyl)succinates. J. Phys. Org. Chem. 2012, 25 (6), 523-528. 
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Scheme 4.11. Reaction of Ethyl Cyanoacetate Substrate with Toluene and Ethyl Benzene122 
 
4.2.6. Study of Homolysis of the Oxazolone Dimer 
 The dimer of the cyanoacetate substrate was found to react under the conditions 
in Scheme 4.11 to give the C(sp3)–H activation product. Together with the terminal 
selectivity in the reaction with ethyl benzene, we concluded that the cyanoacetate 
substrates were likely operating by the same mechanism as that of the oxazolone 
substrate. 
 The cyanoacetate dimer (and that of the oxazolone) exists as a mixture of 
diastereomers – the meso and the racemate. At 25 °C, the diastereomers are stable, but 
when heated, the mixture converts to the more stable racemate.121 It has been shown that 
this equilibrium occurs via homolysis of the central C–C bond to generate two radicals, 
which recombine to form the more stable racemic dimer, as illustrated in Figure 4.9. This 
equilibrium was studied by Zhang and coworkers, who obtained rate constants for the 
dissociation of the dimer in tetrachloroethane at varying reaction temperatures. The rate 
data was used to obtain kinetic and thermodynamic parameters for the dissociation. 
                                                     
122 Dr. Uday Neelam, unpublished results. 
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Figure 4.9. Experimental and Computational Study of the Homolysis of Cyanoacetate Dimer 
 
 We anticipated that this dissociation would be a good candidate for computational 
study, as the computed and experimental values could be compared. First the kinetic 
parameters that were experimentally determined in the paper by Zhang and coworkers 
were calculated to benchmark the computational method, using Gaussian123 at the M06-
2X/6-311+G(d,p),SMD:1,1,2-trichloroethane//B3LYP/6-31G(d) level of theory.124 As 
shown in Figure 4.9, the homolysis of the cyanoacetate was adequately computed, in good 
agreement to the experimental data. The computed value for ΔGact was slightly higher 
than the experimental value, so a -3.8 kcal/mol correction was included. Next, the reaction 
                                                     
123 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; 
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; 
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; 
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; 
Vreven, T.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J.; Brothers, 
E. N.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. 
P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. J.; Klene, M.; Knox, J. 
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, 
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; 
Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Gaussian, Inc.: 
Wallingford, CT, USA, 2009. 
124 Quantum-mechanical calculations were performed by Sergei Tcyrulnikov. 
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solvent was taken into consideration. Using the M06-2X/6-311+G(d,p),SMD:toluene 
//B3LYP/6-31G(d) level of theory, the dissociation was calculated to have a corrected 
energy barrier of 25.2 kcal/mol, with a ΔG0 value of 19.9 kcal/mol, as shown in Figure 4.9.  
𝐾𝑒𝑞 = 𝑒
(−
∆𝐺0
𝑅𝑇
)
    Equation 4.1 
 Using the calculated value for ΔG0, the equilibrium constant was calculated for a 
range of temperatures using Equation 4.1. This equilibrium constant was used to calculate 
the mole fraction of cyanoacetate radicals present at equilibrium for various temperatures. 
This data is shown in Figure 4.10. At the reaction temperature of 95 °C, the mole fraction 
of cyanoacetate radicals present at equilibrium is 2.9553 x 10-10. 
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Figure 4.10. Calculated Mole Fraction of Dissociated Cyanoacetate Dimer in Toluene, by 
Temperature (°C) 
 
𝑘 = (
𝑘𝐵𝑇
ℎ
) ∗ 𝑒(−
∆𝐺𝑎𝑐𝑡
𝑅𝑇
)
    Equation 4.3 
𝒕𝟏
𝟐
=
𝒍𝒏(𝟐)
𝒌
     Equation 4.4 
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 Next, the calculated value for ΔGact was used to calculate the rate constant for the 
homolysis for a range of temperatures, using Equation 4.3. These rate constants were 
subsequently used to calculate the half-life of the cyanoacetate dimer at various 
temperatures, using Equation 4.4. This data is shown in Figure 4.11. At the reaction 
temperature of 95 °C, the half-life of the cyanoacetate dimer is 1.42 minutes.  
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Figure 4.11. Calculated Half Life of Cyanoacetate Dimer in Toluene, by Temperature (°C) 
 
 With the computation method benchmarked against experimental data, the 
method was applied to study the dissociation of the oxazolone dimer in the reaction 
solvent, toluene, as shown in Figure 4.12. Using the M06-2X/6-311+G(d,p), 
SMD:toluene//B3LYP/6-31G(d) level of theory, ΔG0 was calculated to be 11.1 kcal/mol, a 
significantly lower value than was obtained for the cyanoacetate substrate. ΔGact was 
calculated to be 14.6 kcal/mol, again, a much lower value than was obtained for the 
cyanoacetate dimer. The calculated ΔG0 value was used to calculate the equilibrium rate 
constant using Equation 4.1, which was then used to calculate the mole fraction of 
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oxazolone radicals present at equilibrium for a range of temperatures using Equation 4.2. 
This data is shown in Figure 4.13. At the reaction temperature of 95 °C, the mole fraction 
of oxazolone radicals present at equilibrium is 5.183 x 10-5, a much greater percentage 
than that of the cyanoacetate dimer, perhaps accounting for the better reactivity of the 
oxazolone as compared to the cyanoacetate.  
 
Figure 4.12. Experimental and Computational Study of the Homolysis of Oxazolone Dimer 
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Figure 4.13. Calculated Mole Fraction of Dissociated Oxazolone Dimer in Toluene, by 
Temperature (°C) 
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 Next, the calculated value for ΔGact was used to calculate the rate constant for the 
homolysis of the oxazolone dimer for a range of temperatures using Equation 4.3. These 
rate constants were subsequently used to calculate the half-life of the oxazolone dimer at 
various temperatures using Equation 4.4. This data is shown in Figure 4.14. At the reaction 
temperature of 95 °C, the half-life of the oxazolone dimer is 4.52 x 10-6 seconds, much 
shorter than that of the cyanoacetate dimer. This allowed us to determine computationally 
that homolysis is energetically accessible under the reaction conditions, and that 
oxazolone radicals may be present at the reaction temperature.  
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Figure 4.14. Calculated Half Life of Oxazolone Dimer in Toluene, by Temperature (°C) 
 
 With the computational evidence supporting the homolytic dissociation of the 
oxazolone dimer under the reaction conditions, we set out to confirm these computational 
findings using a crossover experiment. Previously, Dr. Curto had attempted several 
crossover experiments using PMP-phenyglycine dimer (4.19) and Ph-phenyglycine dimer 
(4.32), as shown in Scheme 4.12. He tried to use UPLC MS to detect dimer crossover,120b 
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but crossover was observed in the control experiment, indicating that the ionization 
method caused homolysis of the dimer. Distinguishing the crossover product from the 
homodimers was not possible using other analytical methods. 
 
Scheme 4.12. Dimer Crossover Study by Dr. John Curto 
 
 A di-fluorinated oxazolone dimer was synthesized and heated in toluene in the 
presence of the oxazolone dimer, as shown in Scheme 4.13. Indeed, the crossover 
product 4.35 was observed by 19F NMR, confirming that a radical mechanism is 
reasonable under the reaction conditions. This experiment showed that there is active 
homolysis of the dimer occurring at the reaction temperature. 
 
Scheme 4.13. Dimer Crossover Experiment 
 
4.2.7. Revised Mechanistic Proposal 
 With all of these findings pointing toward a radical mechanism, it was determined 
that the mechanistic proposal presented in the initial report should be revised. It seemed 
clear that a Pd(IV) species was not reasonable given the relatively mild conditions. In the 
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few other examples of benzylic activation of toluene, discussed previously, the mechanism 
is hypothesized to go through a palladium-benzyl intermediate, as shown in Figure 4.4, 
but no evidence has yet been presented to support this theory.107,108,110 We now propose 
the mechanism shown in Figure 4.15, wherein the oxazolone dimer coordinates to the 
palladium prior to the C(sp3)-H activation event and a Pd(IV) species is not involved in the 
mechanism. 
 
Figure 4.15. Proposed Mechanism for the C(sp3)-H Bond Activation of Toluene 
 
 There are two potential pathways we believe are reasonable. First, the oxazolone 
dimer can coordinate to the Pd and undergo subsequent homolysis, while remaining 
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coordinated. The tolyl radical can then react with the oxazolone radical in an outer shell 
mechanism, wherein the palladium is not required to change oxidation state. However, 
this pathway is contradicted by the experiments generating radicals in situ with tert-butyl 
peroxide, described earlier. Alternatively, the coordination of the oxazolone to the Pd 
center can cause a shift to the oxidation potential of the Pd, enabling a C-H activation 
process that would ordinarily be energetically prohibited. It has been shown that 
coordination of ligands can result in a change of the oxidation potential of the metal center, 
referred to as a Lewis Acid-Promoted Potential Shift.125 This palladium-benzyl 
intermediate could then undergo reductive elimination to afford the product. Both 
mechanistic hypotheses, summarized by the diagram in Figure 4.19, are in better 
agreement with the experiments performed to date than the initial proposal. 
 
4.2.8. Kinetics Studies 
 To support the mechanistic hypothesis, detailed kinetic studies were undertaken. 
Several methods for study were considered. First, the reaction proved quite sensitive to 
oxygen. Monitoring aliquots from a large-scale reaction provided inconsisten t data. Thus, 
studies were conducted by generating a stock solution of the reaction mixture in a 
glovebox, and dosing the reaction mixture to smaller screwcap vials. This sampling 
method proved more reliable. Reaction mixtures were assessed via 1H NMR using the 
internal standard nitromethane.  
 First, the order of Pd(OAc)2 was determined by conducting experiments at five 
different concentrations of Pd(OAc)2 over a two-fold range. Each aliquot was analyzed by 
                                                     
125 Robinson, J. R.; Booth, C. H.; Carroll, P. J.; Walsh, P. J.; Schelter, E. J., Dimeric Rare-Earth 
BINOLate Complexes: Activation of 1,4-Benzoquinone through Lewis Acid Promoted Potential 
Shifts. Chem. Eur. J. 2013, 19 (19), 5996-6004. 
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1H NMR and the product concentration was determined and plotted. An induction period 
was observed, particularly in cases with lower palladium concentrations, so reaction rates 
were determined via steady state analysis. The “steady state” was taken at the end of the 
induction period, as determined visually. A linear fit was then calculated for each 
experiment. The steady state data and linear fit for each experiment are shown in the 
overlay plot below, Figure 4.16. 
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Figure 4.16. Overlay Plot of Steady State Approximations for the Determination of the Reaction 
Order of Pd(OAc)2 
 
 The slope was taken from each linear fit and assigned as the rate of the reaction. 
This data is shown in Table 4.5. The error in the rate measurement is the standard 
deviation, and the quality of the fit is described by the r2 value. The log of the rates are 
plotted against the log of concentration of Pd(OAc)2 in Figure 4.17. Error bars are shown 
for each point. 
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[Pd(OAc)2] Rate (M/s) Error (M/s) R2 
0.057 0.00000482 1.187E-06 0.7334 
0.076 0.00000249 6.125E-07 0.6482 
0.095 0.00000405 4.286E-07 0.8728 
0.114 0.00000290 3.826E-07 0.8036 
0.133 0.00000392 3.912E-07 0.8626 
Table 4.5. Rates of Reactions, as Extrapolated from the Steady State Approximations 
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Figure 4.17. Log-Log Plot of Pd(OAc)2 Reaction Rate Data, as Extrapolated from the Steady 
State Approximations 
 
 Finally, a linear fit was assigned to the data points, without weighting the error in 
the rates. The slope of this line is -0.1831, near zero. Although there is a greater than 
desirable error in the data, presumably due to the evolution of a heterogeneous reaction 
mixture over time (palladium black precipitating), the data provide good support for a zero 
order in Pd(OAc)2. 
 Next, the order of oxazolone monomer 4.11 was determined in the same manner. 
Reactions were conducted at five different concentrations of 4.11 over a three-fold range. 
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Again, induction periods were observed, and the steady state approximation was 
employed. A linear fit was assigned to the data points from each experiment, as shown in 
Figure 4.18.  
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Figure 4.18. Overlay Plot of Steady State Approximations for the Determination of the Reaction 
Order of Oxazolone 4.11 
 
 Again, the slope was taken from each linear fit and assigned as the rate of the 
reaction. This data is shown in Table 4.6. The error in the rate measurement is the 
standard deviation, and the quality of the fit is described by the r2 value. The log of the 
rates are plotted against the log of the concentration of oxazolone in Figure 4.19. Error 
bars are shown for each point. 
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[4.11] Rate (M/s) Error (M/s) R2 
0.095 0.00000255 2.466E-07 0.8992 
0.143 0.00000183 5.499E-07 0.4404 
0.190 0.00000405 4.286E-07 0.8728 
0.238 0.00000319 2.429E-07 0.9452 
0.286 0.00000167 2.969E-07 0.7092 
Table 4.6. Rates of Reactions, as Extrapolated from the Steady State Approximations 
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Figure 4.19. Log-Log Plot of Oxazolone Reaction Rate Data, as Extrapolated from the Steady 
State Approximations 
 
 A linear fit was assigned to the data points, without weighting the error in the rates. 
The slope of this line is -0.04039, near zero. Again, although there is error in the data, 
there is good support that oxazolone is zero order in the reaction. 
 Finally, the order of toluene 4.10 was determined in the same manner. Care was 
taken to select concentrations of 4.10 that would not cause the volume of toluene to rise 
above 10% of the total reaction volume. Reactions were conducted at five different 
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concentrations of 4.10 over a two-fold range. Since induction periods were observed, the 
steady state approximation was utilized. A linear fit was assigned to the data points from 
each experiment, as shown in Figure 4.20.  
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Figure 4.20. Overlay Plot of Steady State Approximations for the Determination of the Reaction 
Order of Toluene 
 
 The slope was again taken from each linear fit and assigned as the rate of the 
reaction. This data is shown in Table 4.6. The error in the rate measurement is the 
standard deviation, and the quality of the fit is described by the r2 value. The log of the 
rates are plotted against the log of the concentration of toluene in Figure 4.21. Error bars 
are shown for each point. 
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[4.10] Rate (M/s) Error (M/s) R2 
0.448 0.00000405 4.286E-07 0.8728 
0.599 0.00000167 4.636E-07 0.4468 
0.700 0.00000124 2.361E-07 0.6477 
0.800 0.00000507 5.952E-07 0.8580 
0.952 0.00000494 9.683E-08 0.9939 
Table 4.7. Rates of Reactions, as Extrapolated from the Steady State Approximations 
-0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00
-6.0
-5.9
-5.8
-5.7
-5.6
-5.5
-5.4
-5.3
-5.2
lo
g
(r
a
te
)
log([4.10])
y = 0.5351x - 5.445
 
Figure 4.21. Log-Log Plot of Toluene Reaction Rate Data, as Extrapolated from the Steady State 
Approximations 
 
 A linear fit was assigned to the data points, without weighting the error in the rates. 
The slope of this line is 0.5351. Toluene is therefore between zero and half order in the 
reaction. 
 
 4.2.9. Discussion of Kinetics Results and Mechanistic Implications   
 The preliminary kinetic experiments indicate a zero order for all reagents. 
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However, there are significant difficulties associated with rate measurements for these 
systems, including the observable induction period, extreme sensitivity to oxygen and 
formation of palladium black precipitate over the course of the reaction. These challenges 
prevented variation of concentrations of the components over more than a two- to three-
fold range, limiting their accuracy.  
 That being said, it was quite surprising to observe that the data supports all 
reagents being zero order in the reaction. A kinetic isotope effect had been observed for 
toluene-d8 and toluene-d3, indicating that the C(sp3)–H activation was involved in the rate 
determining step. However, toluene concentration seemed to have no effect on the 
reaction rate according to the kinetics experiments. This can result from several different 
mechanistic scenarios, according to Hartwig and coworkers.126 First, if the rate 
determining step occurs before the C–H bond cleavage event, and does not involve 
toluene, a kinetic isotope effect should be observed. If the C–H cleavage is reversible, a 
kinetic isotope effect can be observed, whether the C–H cleavage event occurs before or 
after the rate determining step for the entire process.  These different scenarios are difficult 
to differentiate experimentally. 
 Furthermore, completely zero order kinetic behavior is quite rare in transition metal 
catalysis.127 Transition metal catalysis usually displays at least first-order dependence on 
the catalyst. There are several examples known that display zero-order dependence of all 
other reagents, caused by a rate-limiting unimolecular reaction.127 Most of these examples 
result from intramolecular isomerization or insertion. For example, lanthanide-catalyzed 
                                                     
126 Simmons, E. M.; Hartwig, J. F., On the Interpretation of Deuterium Kinetic Isotope Effects in 
C–H Bond Functionalizations by Transition-Metal Complexes. Angew. Chem. Int. Ed. 2012, 51 
(13), 3066-3072. 
127 Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-Sands, L. M.; Guzei, I. A., 
Mechanistic Studies of the Palladium-Catalyzed Amination of Aryl Halides and the Oxidative 
Addition of Aryl Bromides to Pd(BINAP)2 and Pd(DPPF)2:  An Unusual Case of Zero-Order Kinetic 
Behavior and Product Inhibition. J. Am. Chem. Soc. 2000, 122 (19), 4618-4630. 
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hydroamination/cyclization has been shown to be zero order in all reagents, resulting from 
the rate-limiting intramolecular insertion.128 Another example of zero-order reaction 
kinetics comes from enzymatic catalysis, when product release is rate limiting.129 
Reductive elimination is the analogous mechanistic step in transition metal catalysis.  
 One conclusion can be drawn from the kinetic data. An induction period is 
observed, particularly in experiments with lower concentrations of Pd(OAc)2 or high 
concentrations of oxazolone. Presumably, this results from the slower formation of dimer 
in those experiments. This supports the mechanistic hypothesis that the dimer is the 
reactive species in the reaction. Together, with the fact that product is observed when 
starting with the dimer, this observation supports the possibility that homolysis of the dimer 
occurs en route to product formation.  
 
4.3. Conclusions and Future Directions 
 The kinetic studies unfortunately did not provide complete clarity to the mechanism 
of the C(sp3)–H activation. Several mechanistic pathways have been ruled out thus far –
neither Pd(0) nor Pd(IV) is the active catalyst in the reaction. A mechanism involving a 
metal-bound captodative radical is consistent with the data obtained. The unique terminal 
selectivity of the C(sp3)–H activation in the reaction with ethyl- and propylbenzene has 
been identified as the result of a β–H elimination, migration, re-insertion mechanism, 
following the initial C(sp3)–H activation. 
 Further work is required to investigate the mechanism of this unique reaction and 
                                                     
128 (a) Arredondo, V. M.; McDonald, F. E.; Marks, T. J., Organolanthanide-Catalyzed 
Intramolecular Hydroamination/Cyclization of Aminoallenes. J. Am. Chem. Soc. 1998, 120 (19), 
4871-4872. (b) Li, Y.; Marks, T. J., Organolanthanide-Catalyzed Intra- and Intermolecular 
Tandem C−N and C−C Bond-Forming Processes of Aminodialkenes, Aminodialkynes, 
Aminoalkeneynes, and Aminoalkynes. New Regiospecific Approaches to Pyrrolizidine, 
Indolizidine, Pyrrole, and Pyrazine Skeletons. J. Am. Chem. Soc. 1998, 120 (8), 1757-1771. 
129 Walsh, C., Enzymatic Reaction Mechanisms. W. H. Freeman: New York, 1979. 
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provide a hypothesis that satisfactorily accounts for the accumulated experimental data. 
We plan to synthesize substrates for the C(sp3)–H activation, such as benzyl 
cyclopropane, that could intercept the proposed oxazolone radical, to prove that the 
oxazolone radical is operational in the mechanism, as illustrated in Figure 4.22. We hope 
to utilize electron paramagnetic resonance (EPR) spectroscopy, perhaps with the use of 
a spin trapping agent such as 5,5-dimethyl-pyrroline N-oxide, to observe radical character 
of reactive intermediates. We also plan to independently synthesize the proposed Pd(III) 
dimers shown in Figure 4.15 to determine whether they are chemically and kinetically 
competent in the reaction.  
 
Figure 4.22. Benzyl Cyclopropane Substrate for the C(sp3)–H Activation as a Radical Indicator 
 
 Finally, we plan to study the mechanism of the reaction computationally. Due to 
the challenges of studying the mechanism experimentally (palladium black precipitation, 
slow rates of reaction at lower palladium loadings), computational study seems to be 
perfectly suited for this work. In particular, we hope to calculate oxidation potentials of 
various oxazolone-coordinated palladium species, to evaluate this explanation for the 
observed selectivity. Additionally, while there has been much computational study of 
carboxylate-assisted concerted metalation-deprotonation,104,130 much of it has focused on 
selective C(sp2)–H bond activation. Thus, computational study of our uniquely selective 
C(sp3)–H bond activation can provide a contribution to the scientific literature beyond 
increasing our understanding of the mechanism of this reaction specifically.  
                                                     
130 (a) Ackermann, L., Carboxylate-Assisted Transition-Metal-Catalyzed C−H Bond 
Functionalizations: Mechanism and Scope. Chem. Rev. 2011, 111 (3), 1315-1345. (b) Gorelsky, 
S. I.; Lapointe, D.; Fagnou, K., Analysis of the Palladium-Catalyzed (Aromatic)C–H Bond 
Metalation–Deprotonation Mechanism Spanning the Entire Spectrum of Arenes. J. Org. Chem. 
2012, 77 (1), 658-668.  
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4.4 Experimental Section 
General Considerations 
 All reactions were run in flame-dried glassware, and under an argon atmosphere. 
Unless otherwise noted, all reagents were reagent grade and used without further 
purification. Toluene was distilled from CaH2, vigorously degassed, and stored in a 
glovebox. Dioxane was either purchased anhydrous or distilled from CaH2, vigorously 
degassed, and stored in a glovebox. Flash column chromatography was performed using 
EM Reagents Silica Gel 60 (230-400). Analytical thin-layer chromatography (TLC) was 
performed using EM Reagents 0.25 mm silica gel 254-F plates. Visualization was 
accomplished with UV light and/or potassium permanganate stain.  
 1H NMR and 13C NMR spectra were recorded on AV-II 500, AM 500, DMX 360, 
and DMX 300 Fourier transform NMR spectrometers. Kinetics studies were conducted 
using a Biodrx600 Fourier transform NMR spectrometer. Chemical shifts are reported 
relative to the solvent resonance peak δ 7.27 (CDCl3) for 1H and δ 77.23 (CDCl3) for 13C. 
Peaks are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, bs = broad singlet, m = multiplet), coupling constants, and number of 
protons. High resolution mass spectra were obtained using a VG Autospec using an ESI 
or CI ionization mode. Infrared spectra are reported in cm-1 and recorded using a Perkin-
Elmer spectrometer, model Spectrum BX. All yields refer to isolated yields, and product 
purity was determined by 1H NMR spectroscopy. 
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Synthesis of Oxazolone 
 
 Under argon, methyl 2-(4-methoxybenzamido)-2-phenylacetate (500 mg, 1.67 
mmol) was added to a flame dried 50 mL round bottomed flask equipped with a stirbar. 
CH2Cl2 (24 mL) was added and stirred at 25 °C for 10 minutes to dissolve. The mixture 
was then cooled to 0 °C. N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 
(EDCl) (285 mg, 1.84 mmol) was added and stirred at 0 °C. The reaction mixture turned 
yellow. After 20 minutes, the reaction mixture was allowed to warm to 25 °C and stirred 
for another 15 minutes. The reaction mixture was diluted with CH2Cl2 (25 mL), washed 
with H2O (3 x 35 mL), and brine (1 x 35 mL), dried over MgSO4, filtered, and concentrated 
in vacuo to provide the oxazolone 4.11 as a light yellow powder (445 mg, 100%). All 
spectra were in accordance with reported literature values.111  
 
Synthesis of Oxazolone Dimer 
 
 2-(4-Methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (445 mg, 1.665 mmol), 
MnO2 (140 mg, 1.610 mmol), and CH2Cl2 (5.5 mL) were charged to a vial equipped with a 
stirbar. The vial was stirred at 25 °C for 15 minutes, at which time no starting material was 
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observed via TLC. The reaction mixture was filtered through Celite with CH2Cl2 and 
concentrated in vacuo to provide the oxazolone dimer 4.19 as a beige powder (327 mg, 
67%). All spectra were in accordance with reported literature values.111 
 
Mechanistic Hypothesis of the Homologated Series 
 In a glovebox, a flame dried microwave vial equipped with a stirbar was charged 
with 2-(4-methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (20 mg, 0.075 mmol), Pd(OAc)2 
(16.8 mg, 0.15 mmol), ethyl benzene (183 µL, 20 equiv), and dioxane (249 µL. 0.3 M). 
The microwave vial was sealed with a Teflon cap, removed from the glovebox and heated 
in a 90 °C oil bath. After 24 h, the reaction mixture was allowed to cool to 25 °C, diluted 
with CH2Cl2 (1 mL), passed through SiO2 with 30% EtOAc/hexanes, and concentrated in 
vacuo. The resulting residue was purified using preparatory thin layer chromatography 
(7% EtOAc/hexanes, run twice) to afford both 4.13 (11.8 mg, 42%) and 4.17 (4.5 mg, 
16%). All spectra of 4.13 were in accordance with reported values.115 1H NMR of 4.17 
(500.4 MHz, CDCl3) δ 8.10 (d, J = 8.8 Hz, 2H), 7.68-7.66 (m, 2H), 7.42-7.39 (m, 4H), 7.36-
7.30 (m, 4H), 7.03 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 16.0 Hz, 1H), 6.57 (d, J = 16.0 Hz, 1H), 
3.91 (s, 3H). 
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 In a glovebox, a flame dried microwave vial equipped with a stirbar was charged 
with 2-(4-methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (20 mg, 0.075 mmol), Pd(OAc)2 
(16.8 mg, 0.15 mmol), propyl benzene (183 µL, 20 equiv), and dioxane (249 µL, 0.3 M). 
The microwave vial was sealed with a Teflon cap, removed from the glovebox and heated 
in a 90 °C oil bath. After 24 h, the reaction mixture was allowed to cool to 25 °C, diluted 
with CH2Cl2 (1 mL), passed through SiO2 with 30% EtOAc/hexanes, and concentrated in 
vacuo. The resulting residue was purified using preparatory thin layer chromatography 
(7% EtOAc/hexanes, run twice) to afford both 4.14 (8.4 mg, 29%) and 4.18 (9.5 mg, 33%). 
All spectra of 4.14 and 4.18 were in accordance with reported values.115  
 
Kinetic Isotope Effect Studies 
 
 In a glovebox, a flame dried microwave vial equipped with a stirbar was charged 
with 2-(4-methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (40 mg, 0.15 mmol), Pd(OAc)2 
(33.6 mg, 0.15 mmol), toluene (80 µL, 5.0 equiv), toluene-d3 (80 µL, 5.0 equiv), and 
dioxane (629 µL, 0.19 M). The microwave vial was sealed with a Teflon cap, removed 
from the glovebox and heated in a 95 °C oil bath. After 7 h, the reaction mixture was 
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allowed to cool to 25 °C, diluted with CH2Cl2 (1 mL), passed through SiO2 with 30% 
EtOAc/hexanes, and concentrated in vacuo. The resulting residue was purified using flash 
column chromatography (7% EtOAc/hexanes) to afford a mixture of products shown (22.7 
mg) in 42% yield with kH/kD = 2.72. 
 
 In a glovebox, a flame dried microwave vial equipped with a stirbar was charged 
with 2-(4-methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (40 mg, 0.15 mmol), Pd(OAc)2 
(33.6 mg, 0.15 mmol), toluene (80 µL, 5.0 equiv), toluene-d8 (80 µL, 5.0 equiv), and 
dioxane (629 µL, 0.19 M). The microwave vial was sealed with a Teflon cap, removed 
from the glovebox and heated in a 95 °C oil bath. After 7 h, the reaction mixture was 
allowed to cool to 25 °C, diluted with CH2Cl2 (1 mL), passed through SiO2 with 30% 
EtOAc/hexanes, and concentrated in vacuo. The resulting residue was purified using flash 
column chromatography (7% EtOAc/hexanes) to afford a mixture of products shown (27.8 
mg) in 52% yield with kH/kD = 3.21. 
 
Investigation of Palladium(0) 
Reaction of Oxazolone in Neat Tolyl Analog 
 In a glovebox, a flame dried microwave vial equipped with a stirbar was charged 
with 2-(4-methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (7.5 mg, 0.028 mmol), Pd 
source (0.007 mmol), and toluene (281 µL. 0.1 M). The microwave vial was sealed with a 
Teflon cap, removed from the glovebox and heated in a 95 °C oil bath. After 14 h, the 
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reaction mixture was allowed to cool to 25 °C, diluted with CH2Cl2 (1 mL), passed through 
SiO2 with 30% EtOAc/hexanes, and concentrated in vacuo. Reactions were assessed via 
1H NMR using 10 mol% MeCN as an internal standard. 
Reaction of Oxazolone Dimer in Neat Tolyl Analog 
 In a glovebox, a flame dried microwave vial equipped with a stirbar was charged 
with 2,2'-bis(4-methoxyphenyl)-4,4'-diphenyl-[4,4'-bioxazole]-5,5'(4H,4'H)-dione 4.19 (15 
mg, 0.028 mmol), Pd source (0.007 mmol), and toluene (281 µL, 0.1 M). The microwave 
vial was sealed with a Teflon cap, removed from the glovebox and heated in a 95 °C oil 
bath. If hydrogen gas was required, as per Table 4.1, H2 was used to sparge the reaction 
vessel prior to heating. After 14 h, the reaction mixture was allowed to cool to 25 °C, diluted 
with CH2Cl2 (1 mL), passed through SiO2 with 30% EtOAc/hexanes, and concentrated in 
vacuo. Reactions were assessed via 1H NMR using 10 mol% MeCN as an internal 
standard. 
 
Internal Competition Experiment with 4-Ethyl Toluene 
 
 In a glovebox, a flame dried microwave vial containing a magnetic stirbar was 
charged with 2-(4-methoxyphenyl)-4-phenyloxazol-5(4H)-one 4.11 (20 mg, 0.075 mmol), 
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Pd(OAc)2 (16.8 mg, 0.075 mmol), and dioxane (249 µL, 0.3 M). The vial was sealed with 
a Teflon cap and removed from the glovebox, where it was charged with 4-ethyltoluene 
(209 µL, 1.50 mmol). The vial was heated at 90 °C in an oil bath. After 12 h, the reaction 
mixture was allowed to cool to 25 °C, diluted with CH2Cl2 (1 mL), passed through SiO2 
with 30% EtOAc/hexanes, and concentrated in vacuo. The ratio of products was assessed 
via 1H NMR. 
 
Study of Homolysis of the Oxazolone Dimer 
Details of Computational Studies 
Optimizations for were performed using Gaussian 09 software,123 revision D.01, with spin-
unrestricted DFT at the UB3LYP/6-31G(d)131 level in the gas phase. For all species, 
vibrational frequencies were also computed at the specified level of theory to obtain 
thermal Gibbs Free Energy corrections (at 298 K) and to characterize the stationary points 
as transition states (one and only one imaginary frequency) or minima (zero imaginary 
frequencies). Single point energy calculations were performed on optimized geometries in 
1,1,2-trichloroethane and toluene using the SMD-solvation model132 and UM06-2X 
functional.133 
                                                     
131 (a) Becke, A. D., A New Mixing of Hartree–Fock and Local Density‐Functional Theories. The 
Journal of Chemical Physics 1993, 98 (2), 1372-1377. (b) Becke, A. D., Density‐Functional 
Thermochemistry. III. The Role of Exact Exchange. The Journal of Chemical Physics 1993, 98 
(7), 5648-5652. (c) Lee, C.; Yang, W.; Parr, R. G., Development of the Colle-Salvetti Correlation-
Energy Formula into a Functional of the Electron Density. Physical Review B 1988, 37 (2), 785-
789. 
132 Marenich, A. V.; Cramer, C. J.; Truhlar, D. G., Universal Solvation Model Based on Solute 
Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric 
Constant and Atomic Surface Tensions. The Journal of Physical Chemistry B 2009, 113 (18), 
6378-6396. 
133 Zhao, Y.; Truhlar, D. G., The M06 Suite of Density Functionals for Main Group 
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and 
Transition Elements: Two New Functionals and Systematic Testing of Four M06-Class 
Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120 (1), 215-241. 
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Coordinates and Thermochemical Data for Computed Intermediates and Transition 
States 
Cyanoester Homolysis Transition State 
Zero-point correction=     0.318063 (Hartree/Particle) 
Thermal correction to Energy=                    0.342494 
Thermal correction to Enthalpy=                  0.343439 
Thermal correction to Gibbs Free Energy=         0.262707 
Sum of electronic and zero-point Energies=     -1181.760407 
Sum of electronic and thermal Energies=         -1181.735976 
Sum of electronic and thermal Enthalpies=      -1181.735032 
Sum of electronic and thermal Free Energies= -1181.815764 
Electronic energy (UM062X,toluene)= -1181.94952338 
Electronic energy (UM062X,triClethane)=     -1181.95499017 
C                  0.87202600   -0.29633700    1.08915800 
C                 -0.61162900    0.61481900   -0.99495700 
C                  0.67273800    0.87374600    1.88550800 
C                  0.15223500   -0.16772200   -1.90055800 
C                  2.17897200   -0.49003900    0.49745300 
C                  2.56416400   -1.68183000   -0.17463600 
C                  3.13287700    0.56386900    0.57544500 
C                  3.84036900   -1.81072400   -0.70719800 
H                  1.86050300   -2.49490500   -0.26470700 
C                  4.39965900    0.42169600    0.03525200 
H                  2.86287600    1.49100600    1.06655200 
C                  4.76383700   -0.76808300   -0.60627000 
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H                  4.11259100   -2.73182900   -1.21398900 
H                  5.10847400    1.24099800    0.11000500 
H                  5.75928500   -0.87769300   -1.02752900 
C                 -1.98305400    0.20240400   -0.72138700 
C                 -2.56211500   -0.84122800   -1.48774200 
C                 -2.76151900    0.77837500    0.31280500 
C                 -3.86641900   -1.25698300   -1.25758000 
H                 -1.98248200   -1.30193300   -2.28112800 
C                 -4.06411300    0.34849000    0.53847200 
H                 -2.33201900    1.54631700    0.93973500 
C                 -4.62716900   -0.66133900   -0.24462200 
H                 -4.29618500   -2.04154800   -1.87421500 
H                 -4.64009900    0.79995400    1.34091600 
H                 -5.64817900   -0.98691300   -0.06575000 
C                 -0.19001900   -1.30702800    1.34803900 
O                 -1.09069900   -1.10907900    2.14298900 
O                 -0.08802300   -2.43332900    0.61576300 
C                 -1.10193100   -3.42438700    0.87360700 
H                 -2.09065300   -3.02439300    0.64070900 
H                 -0.85762900   -4.25921400    0.21659800 
H                 -1.07233400   -3.73392200    1.92112000 
N                  0.54133000    1.85184400    2.50601300 
N                  0.76574700   -0.84745500   -2.62459100 
C                 -0.03375800    1.97602700   -0.79322100 
O                 -0.88936100    2.84464900   -0.22696700 
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O                  1.10105300    2.26341800   -1.12825800 
C                 -0.35447000    4.15777200    0.03113400 
H                 -1.19268700    4.73483100    0.42142100 
H                  0.44458100    4.09440400    0.77206000 
H                  0.02657200    4.59984600   -0.89218900 
 
Cyanoester Radical 
Zero-point correction=    0.158226 (Hartree/Particle) 
Thermal correction to Energy=                    0.169994 
Thermal correction to Enthalpy=                  0.170938 
Thermal correction to Gibbs Free Energy=         0.118610 
Sum of electronic and zero-point Energies=       -590.884560 
Sum of electronic and thermal Energies=           -590.872792 
Sum of electronic and thermal Enthalpies=         -590.871848 
Sum of electronic and thermal Free Energies=   -590.924176 
Electronic energy (UM062X, triClethane)=      -590.97138585        
Electronic energy (UM062X, toluene)=            -590.96926391                              
C                 -0.49454200    0.43231200   -0.00002700 
C                 -0.86052500    1.80052600   -0.00004000 
C                  0.90343400    0.08161900    0.00000300 
C                  1.35690300   -1.26674000   -0.00003300 
C                  1.88397100    1.11413300    0.00007900 
C                  2.71525200   -1.55040500   -0.00003400 
H                  0.62819300   -2.06529700   -0.00005700 
C                  3.23623600    0.81381800    0.00008500 
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H                  1.56274500    2.15066500    0.00013300 
C                  3.66302100   -0.52044500    0.00002200 
H                  3.04143200   -2.58666800   -0.00007200 
H                  3.96462700    1.61955900    0.00013900 
H                  4.72403900   -0.75387400    0.00001500 
C                 -1.60814500   -0.54989600   -0.00004500 
O                 -1.49642300   -1.76316000   -0.00011300 
O                 -2.80191600    0.07979000    0.00003100 
C                 -3.95378500   -0.77835300    0.00013400 
H                 -3.95808300   -1.41272300    0.89047400 
H                 -4.81225900   -0.10705700    0.00026000 
H                 -3.95828100   -1.41264900   -0.89025800 
N                 -1.12237500    2.93936900   -0.00012100 
 
Cyanoester Dimer 
Zero-point correction=    0.320303 (Hartree/Particle) 
Thermal correction to Energy=                    0.344759 
Thermal correction to Enthalpy=                  0.345703 
Thermal correction to Gibbs Free Energy=         0.264270 
Sum of electronic and zero-point Energies=     -1181.782512 
Sum of electronic and thermal Energies=         -1181.758056 
Sum of electronic and thermal Enthalpies=       -1181.757111 
Sum of electronic and thermal Free Energies= -1181.838544 
Electronic energy (UM062X,toluene)=  -1181.99732036              
Electronic energy (UM062X,triClethane)= -1182.00341587                                 
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C                 -0.51873100    0.39410000    0.60056400 
C                  0.43681100   -0.30533700   -0.48712800 
C                 -0.28780800   -0.15996700    1.95143800 
C                  0.13889900    0.23077900   -1.83232100 
C                 -2.01311700    0.18605000    0.22737300 
C                 -2.63197900    1.00600600   -0.72679300 
C                 -2.75811400   -0.83703500    0.82920600 
C                 -3.96702300    0.79899600   -1.07272800 
H                 -2.07660500    1.79908300   -1.21244900 
C                 -4.09216000   -1.04116000    0.47700300 
H                 -2.30443400   -1.46602300    1.58761100 
C                 -4.70160400   -0.22458200   -0.47480500 
H                 -4.42935200    1.44316000   -1.81507000 
H                 -4.65423900   -1.83772500    0.95629400 
H                 -5.74163000   -0.38225300   -0.74622900 
C                  1.96299700   -0.15474700   -0.24580400 
C                  2.81996500   -0.67957000   -1.22627100 
C                  2.52168900    0.45583700    0.88110000 
C                  4.20240900   -0.59870300   -1.08037100 
H                  2.40185700   -1.14672600   -2.11359700 
C                  3.90969300    0.53841700    1.02208700 
H                  1.90410300    0.86364400    1.67181400 
C                  4.75424800    0.01282700    0.04690200 
H                  4.84663200   -1.01049200   -1.85211500 
H                  4.32336000    1.01592700    1.90578700 
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H                  5.83246000    0.07909700    0.16225400 
C                 -0.25379000    1.92821200    0.76082500 
O                 -0.42004800    2.51638300    1.80163000 
O                  0.13862000    2.49763400   -0.38171900 
C                  0.38567100    3.91889400   -0.32489200 
H                  1.19445800    4.12764300    0.37893300 
H                  0.66896600    4.19755600   -1.33888600 
H                 -0.51733600    4.44571400   -0.00900400 
N                 -0.15087100   -0.56065600    3.03072900 
N                 -0.03908600    0.62322000   -2.90873100 
C                  0.12692700   -1.83740700   -0.57786800 
O                  0.32861700   -2.43522200    0.59904600 
O                 -0.19818000   -2.40205000   -1.59395200 
C                  0.11369400   -3.86053300    0.62564200 
H                  0.28525800   -4.15452100    1.66038200 
H                 -0.90722300   -4.09460700    0.31538500 
H                  0.81930000   -4.35785600   -0.04409700 
 
Oxazolone Homolysis Transition State 
Zero-point correction=    0.493625 (Hartree/Particle) 
Thermal correction to Energy=                    0.526706 
Thermal correction to Enthalpy=                  0.527651 
Thermal correction to Gibbs Free Energy=         0.425897 
Sum of electronic and zero-point Energies=     -1794.191388 
Sum of electronic and thermal Energies=         -1794.158306 
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Sum of electronic and thermal Enthalpies=       -1794.157362 
Sum of electronic and thermal Free Energies= -1794.259115 
Electronic energy (UM062X,toluene)=  -1794.48814877 
C                 -1.93082600   -0.73462600    1.81015600 
C                 -3.16516800   -1.38205500    2.01499000 
C                 -1.67319300    0.47418000    2.48736500 
C                 -4.10752100   -0.83342800    2.88370500 
H                 -3.36658800   -2.31882100    1.50931900 
C                 -2.62217200    1.01530500    3.34715500 
H                 -0.71850900    0.96474200    2.33630100 
C                 -3.84357800    0.36399600    3.55011500 
H                 -5.05182300   -1.34792800    3.04019600 
H                 -2.40796300    1.94464600    3.86874600 
H                 -4.58110700    0.78616500    4.22781700 
C                 -2.89365200   -1.05673300   -1.37118700 
C                 -4.09603900   -0.43219600   -0.97739800 
C                 -2.95574500   -2.29451700   -2.04579900 
C                 -5.32217500   -1.02566500   -1.25898900 
H                 -4.04524600    0.52322800   -0.46842700 
C                 -4.18872900   -2.87690100   -2.32403900 
H                 -2.04006000   -2.77987600   -2.36076000 
C                 -5.37377100   -2.24913000   -1.93291300 
H                 -6.24110700   -0.53112400   -0.95544000 
H                 -4.22350400   -3.82782700   -2.84830800 
H                 -6.33307200   -2.70950200   -2.15462300 
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C                 -0.91053900   -1.29328700    0.92262400 
C                 -0.86992900   -2.72657100    0.53859000 
C                  1.15938600   -1.84131200    0.64954900 
C                 -1.62214800   -0.40076900   -1.08326800 
C                 -0.36364500   -0.68632500   -1.82278800 
C                 -0.44101800    1.40213400   -1.08949900 
O                  0.49359300   -3.00393300    0.35392700 
O                  0.35887200    0.51220500   -1.76869500 
O                  0.08919700   -1.66810900   -2.35543900 
O                 -1.71650900   -3.56854200    0.37398600 
N                  0.40597300   -0.84230700    1.00783000 
N                 -1.59636200    0.94396700   -0.71888500 
C                  2.60496900   -1.84963800    0.55232800 
C                  3.30116700   -3.00134100    0.15771800 
C                  3.33247600   -0.68050600    0.85709400 
C                  4.69018200   -2.99875000    0.06612200 
H                  2.74750900   -3.90183800   -0.08484000 
C                  4.71126900   -0.67054700    0.76799300 
H                  2.79174000    0.20979400    1.16000900 
C                  5.40328400   -1.83015500    0.37058400 
H                  5.20345500   -3.90136600   -0.24371900 
H                  5.28627400    0.22067100    0.99789900 
C                  0.07612000    2.74194600   -0.88925700 
C                  1.33253100    3.12581000   -1.39826000 
C                 -0.68671900    3.68170300   -0.17791000 
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C                  1.80534100    4.41186200   -1.20091600 
H                  1.92872600    2.40547300   -1.94777400 
C                 -0.21832900    4.97459900    0.02414100 
H                 -1.65157800    3.38060700    0.21667600 
C                  1.03480400    5.34751200   -0.48926800 
H                  2.77021400    4.72354000   -1.58746700 
H                 -0.82647700    5.68080400    0.57718100 
O                  1.58778800    6.57982600   -0.35157900 
O                  6.75478000   -1.71369100    0.31267300 
C                  7.51877600   -2.84202500   -0.09380600 
H                  7.25479900   -3.15915400   -1.11050000 
H                  8.56036400   -2.51771800   -0.07413600 
H                  7.38684700   -3.68510600    0.59607000 
C                  0.86082700    7.57953800    0.35135900 
H                  1.48912700    8.47130800    0.33259000 
H                 -0.09635800    7.79803000   -0.13863400 
H                  0.67789400    7.28495700    1.39245900 
 
Oxazolone meso-Dimer 
Zero-point correction=     0.495568 (Hartree/Particle) 
Thermal correction to Energy=                    0.528741 
Thermal correction to Enthalpy=                  0.529685 
Thermal correction to Gibbs Free Energy=         0.427607 
Sum of electronic and zero-point Energies=     -1794.207542 
Sum of electronic and thermal Energies=         -1794.174369 
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Sum of electronic and thermal Enthalpies=       -1794.173424 
Sum of electronic and thermal Free Energies= -1794.275502 
Electronic energy (UM062X,toluene)=  -1794.51925391 
C                 -0.43484200   -2.07721000    1.65787100 
C                 -0.88562800   -3.39349900    1.82216300 
C                 -0.53247800   -1.18174300    2.73163600 
C                 -1.42185600   -3.80477800    3.04396000 
H                 -0.80869500   -4.09873200    1.00290900 
C                 -1.06977800   -1.59783200    3.94878800 
H                 -0.18114000   -0.16491200    2.60433300 
C                 -1.51609700   -2.91097600    4.11024500 
H                 -1.76274600   -4.83033800    3.15807200 
H                 -1.13642900   -0.89338800    4.77400300 
H                 -1.93096700   -3.23509500    5.06122400 
C                 -1.97583200   -2.22597400   -1.11398900 
C                 -3.18460800   -2.38333300   -0.42033400 
C                 -1.69224300   -3.07612100   -2.19152100 
C                 -4.08879900   -3.37658700   -0.79473000 
H                 -3.41135600   -1.71816400    0.40437300 
C                 -2.60175300   -4.06689000   -2.56280500 
H                 -0.76650000   -2.96563400   -2.74308500 
C                 -3.80092300   -4.22203400   -1.86719000 
H                 -5.02145400   -3.48567600   -0.24739900 
H                 -2.36796700   -4.71722700   -3.40130800 
H                 -4.50771600   -4.99378700   -2.16089300 
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C                  0.14778700   -1.59230600    0.32535900 
C                  1.06316300   -2.66805100   -0.30253900 
C                  2.21265800   -0.81533000    0.12601500 
C                 -1.00731300   -1.11885200   -0.68285900 
C                 -0.32014900   -0.45326600   -1.89096900 
C                 -1.53986400    1.02214100   -0.77399400 
O                  2.33018600   -2.10816900   -0.35778800 
O                 -0.73305500    0.86190000   -1.90009200 
O                  0.44931700   -0.89644900   -2.69913700 
O                  0.85250500   -3.79105800   -0.66144900 
N                  1.04972400   -0.45410500    0.52122300 
N                 -1.73356000   -0.01627400   -0.05698900 
C                  3.43257900   -0.01594100    0.12647500 
C                  4.63905700   -0.52905900   -0.36431700 
C                  3.40035100    1.30019600    0.62646000 
C                  5.79742100    0.24580900   -0.36203200 
H                  4.67197900   -1.54087500   -0.75333700 
C                  4.54480100    2.07559200    0.63239700 
H                  2.46352400    1.69598000    1.00440500 
C                  5.75462400    1.55460000    0.13705300 
H                  6.71774800   -0.17502200   -0.74923800 
H                  4.53699500    3.09185300    1.01296300 
C                 -2.06991100    2.36400300   -0.55607800 
C                 -1.78760600    3.41913500   -1.44218700 
C                 -2.87959300    2.61078900    0.56107300 
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C                 -2.30461800    4.68418300   -1.21321700 
H                 -1.16163600    3.23932900   -2.30937600 
C                 -3.40248000    3.87744200    0.79831200 
H                 -3.09327700    1.79489300    1.24387800 
C                 -3.11616300    4.92423300   -0.09238400 
H                 -2.09651300    5.50821000   -1.88789900 
H                 -4.02529100    4.04101400    1.67005000 
O                 -3.57290900    6.19676400    0.04178300 
O                  6.81846700    2.39747500    0.18649300 
C                  8.07155800    1.94062700   -0.30582800 
H                  8.01368000    1.68261000   -1.37082000 
H                  8.76437400    2.77282400   -0.17186800 
H                  8.43223700    1.07209400    0.25970900 
C                 -4.40436800    6.50791500    1.15204700 
H                 -4.64813700    7.56679700    1.05276100 
H                 -5.32988800    5.91849300    1.13788400 
H                 -3.88265700    6.34239500    2.10323500 
 
Oxazolone Radical 
Zero-point correction=    0.245875 (Hartree/Particle) 
Thermal correction to Energy=                    0.261939 
Thermal correction to Enthalpy=                  0.262884 
Thermal correction to Gibbs Free Energy=         0.200336 
Sum of electronic and zero-point Energies=       -897.101750 
Sum of electronic and thermal Energies=           -897.085686 
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Sum of electronic and thermal Enthalpies=         -897.084742 
Sum of electronic and thermal Free Energies=   -897.147289 
Electronic energy (UM062X,toluene)=         -897.23732332 
C                  1.50015400    1.77764600    0.00019900 
C                  1.86899600    0.36090500    0.00007000 
C                 -0.27269700    0.44493700    0.00010600 
O                  0.08375100    1.75947300    0.00022600 
O                  2.11762100    2.81900000    0.00031700 
N                  0.74414700   -0.39825400   -0.00005200 
C                 -1.67295200    0.10474100    0.00002500 
C                 -2.66614200    1.09952500   -0.00021800 
C                 -2.06650100   -1.25252400    0.00020200 
C                 -4.01537500    0.76133100   -0.00029600 
H                 -2.37327600    2.14407400   -0.00035400 
C                 -3.40439600   -1.59389000    0.00012800 
H                 -1.30014000   -2.02020700    0.00040100 
C                 -4.39283000   -0.59044100   -0.00012600 
H                 -4.76036200    1.54831800   -0.00050200 
H                 -3.72275300   -2.63135300    0.00027000 
C                  3.20580400   -0.18499400   -0.00000700 
C                  3.38895100   -1.58627100    0.00019400 
C                  4.34356400    0.65311200   -0.00028700 
C                  4.66763800   -2.12786000    0.00012000 
H                  2.51289200   -2.22596900    0.00040700 
C                  5.61894700    0.09824800   -0.00035600 
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H                  4.20914100    1.72879600   -0.00045000 
C                  5.78880500   -1.28959300   -0.00015400 
H                  4.79580800   -3.20699800    0.00027600 
H                  6.48709100    0.75175200   -0.00057000 
H                  6.78810000   -1.71651600   -0.00021200 
O                 -5.67517200   -1.03294100   -0.00016500 
C                 -6.72787000   -0.07619400    0.00003400 
H                 -7.65329600   -0.65391000    0.00034500 
H                 -6.69296200    0.55682600    0.89548700 
H                 -6.69344700    0.55665400   -0.89556700 
 
Synthesis of the Fluorinated Dimer 
 The fluorinated oxazolone dimer (4.34) was synthesized via the synthetic 
sequence outlined in Scheme 4.14. Procedures for the unoptimized synthesis of 
previously unreported compounds are included below. 
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Scheme 4.14. Synthesis of Fluorinated Oxazolone Dimer 4.34 for Crossover Experiment 
 
 
4-(4-Fluorophenyl)-2-(4-methoxyphenyl)oxazol-5(4H)-one (4.36)115 
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 Under an argon atmosphere, a round bottomed flask containing a magnetic stirbar 
was charged with methyl 2-(4-fluorophenyl)-2-(4-methoxybenzamido)acetate (4.37) (5.4 
mmol) and CH2Cl2 (77 mL). The mixture was stirred at 25 °C for 10 minutes, then cooled 
to 0 °C. Next, EDCI was added, and stirred for 20 minutes at 0 °C. The reaction mixture 
quickly turned yellow following the addition of EDCI. After 20 minutes, the ice bath was 
removed and the reaction was stirred at 25 °C for 15 minutes. The reaction mixture was 
diluted with CH2Cl2 (25 mL) and washed with H2O (3 x 35 mL) and brine (1 x 35 mL), dried 
over MgSO4, filtered and concentrated in vacuo providing the title compound, which was 
taken directly to the next synthetic step. 
 
4,4'-Bis(4-fluorophenyl)-2,2'-bis(4-methoxyphenyl)-[4,4'-bioxazole]-5,5'(4H,4'H)-
dione (4.34) 
 A vial containing a magnetic stirbar was charged with 4.36, MnO2 (467.2 mg, 5.4 
mmol), and dry CH2Cl2 (17.9 mL). The reaction was stirred at 25 °C for 15 minutes, at 
which time all starting material had been consumed. The reaction mixture was filtered 
through a silica plug with CH2Cl2 (75 mL). The resulting residue was purified by column 
chromatography (45% CH2Cl2/hexanes) to afford the title compound as a beige powder 
(186.3 mg, 6% over 5 steps, unoptimized) in a 2.8:1 ratio of diastereomers. 1H NMR (499.7 
MHz, CDCl3) δ 7.96-7.86 (m, 1.03H), 7.88-7.86 (m, 2.41H), 7.75-7.54 (m, 1.48H), 7.44-
7.41 (m, 2.64H), 7.17-7.05 (m, 0.82H), 6.98-6.94 (m, 4.27H), 6.87-6.85 (m, 3.05H), 3.89 
(s, 1.46H), 4.54 (s, 4.54H); 13C NMR (125.7 MHz, CDCl3) δ 173.8, 163.8, 163.5 (JC-F = 
249.2 Hz), 162.6, 131.0 (d, JC-F = 8.3 Hz), 130.5, 130.3, 127.2 (d, JC-F = 1.9 Hz), 117.5, 
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114.6 (d, JC-F = 21.6 Hz), 114.4, 55.7; 19F{1H} NMR (339 MHz, CDCl3) δ major: -111.80; 
minor: -111.85; IR (neat) 1815, 1643, 1513, 1262, 1077, 911, 832 cm-1; HRMS (ESI) 
calculated for C32H23N2O6F2 [M+H]+, m/z = 569.1524; found 569.1523. 
 
Crossover Experiment 
 
 In a glovebox, a flame dried 2-dram vial equipped with a stirbar was charged with 
fluorinated oxazolone dimer 4.34 (15.0 mg, 0.028 mmol), oxazolone dimer 4.19 (16.0 mg, 
0.28 mmol), and toluene (563 µL, 0.1 M). The vial was tightly sealed using Teflon tape, 
then removed from the glovebox and heated at 95 °C via IKA plate. After 14 h, the reaction 
mixture was cooled to 25 °C, diluted with CH2Cl2 (1 mL), passed through Celite with 
CH2Cl2, and concentrated in vacuo. The product mixture was assessed via 19F NMR. A 
second set of peaks was observed, corresponding to the two diastereomers of the 
crossover product. Crossover Product 19F{H} NMR (339 MHz, CDCl3) δ major: -112.12; 
minor: -112.06. 
 
General Procedure for Kinetics Experiments 
 In a glovebox, a flame dried 25 mL round bottomed flask equipped with a stirbar 
was charged with Pd(OAc)2 and oxazolone, followed by dioxane and toluene. The reaction 
mixture was stirred to ensure homogeneity. The reaction was dosed via cut pipet tip to 2-
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dram vials, each equipped with a magnetic stirbar and Teflon tape wrapped around the 
cap threads. Each vial was tightly sealed with a screwcap and removed from the glovebox, 
where it was sealed externally with Parafilm. The vials were transferred to a Chemglass 
reactor block preheated to 95 °C via an IKA plate. At each time point, a vial was cooled to 
25 °C, diluted with CH2Cl2 (0.5 mL), passed through Celite with CH2Cl2, and concentrated 
in vacuo. The resulting residue was assessed via 1H NMR using an internal standard of 
CH3NO2. For each experiment, a stock solution of CH3NO2 in CDCl3 was freshly prepared 
(0.037 M).   
 
Raw Data from the Investigation of Reaction Order in Pd(OAc)2 
 Each experiment was plotted, and a steady state approximation was employed. A 
linear fit was generated for all points after the end of the visually observed induction period. 
The raw data, raw data plots, and linear steady state approximations are shown below for 
each experiment. 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00000 0.0000 
15 0.00000 0.0000 
20 0.00002 0.0001 
25 0.00000 0.0000 
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30 0.00004 0.0002 
37 0.00002 0.0001 
45 0.00012 0.0006 
52 0.00032 0.0016 
60 0.00040 0.0020 
75 0.00201 0.0102 
90 0.00209 0.0106 
105 0.00468 0.0239 
120 0.00523 0.0267 
150 0.00887 0.0453 
180 0.00538 0.0275 
Table 4.8. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 0.057 
M, [4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.23. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.057 M, 
[4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.24. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.057 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00000 0.0000 
15 0.00009 0.0005 
20 0.00000 0.0000 
25 0.00054 0.0028 
30 0.00016 0.0008 
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37 0.00092 0.0047 
45 0.00029 0.0015 
60 0.00089 0.0045 
75 0.00163 0.0083 
90 0.00268 0.0137 
105 0.00045 0.0023 
120 0.00345 0.0176 
150 0.00610 0.0311 
180 0.00346 0.0177 
Table 4.9. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 0.076 
M, [4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.25. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.076 M, 
[4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.26. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.076 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00024 0.0012 
15 0.00002 0.0001 
20 0.00055 0.0028 
25 0.00024 0.0012 
35 0.00135 0.0069 
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45 0.00141 0.0072 
60 0.00205 0.0104 
75 0.00308 0.0157 
90 0.00349 0.0178 
105 0.00118 0.0060 
120 0.00609 0.0311 
158 0.00867 0.0443 
180 0.00941 0.0480 
210 0.01305 0.0666 
270 0.00872 0.0445 
330 0.01499 0.0765 
Table 4.10. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.27. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.28. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00067 0.0034 
10 0.00012 0.0006 
15 0.00063 0.0032 
20 0.00080 0.0041 
25 0.00060 0.0031 
30 0.00162 0.0083 
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45 0.00119 0.0061 
60 0.00264 0.0135 
75 0.00249 0.0127 
90 0.00528 0.0269 
105 0.00509 0.0259 
120 0.00375 0.0191 
150 0.00885 0.0451 
210 0.00877 0.0447 
282 0.00721 0.0368 
Table 4.11. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.114 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.29. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.114 M, 
[4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.30. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.114 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00044 0.0022 
10 0.00034 0.0017 
15 0.00047 0.0024 
20 0.00055 0.0028 
25 0.00000 0.0000 
30 0.00155 0.0079 
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37 0.00184 0.0094 
45 0.00199 0.0102 
52 0.00196 0.0100 
60 0.00314 0.0160 
75 0.00317 0.0162 
90 0.00334 0.0171 
105 0.00527 0.0269 
120 0.00210 0.0107 
150 0.00853 0.0435 
180 0.00626 0.0319 
210 0.01115 0.0569 
Table 4.12. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.133 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.31. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.133 M, 
[4.11] = 0.190 M, [4.10] = 0.448 M 
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Figure 4.32. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.133 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
 
 
 
Steady State Approximation for the Investigation of Reaction Order in Pd(OAc)2 
 The data selected for use in the steady state approximation of reaction rates for 
each experiment are shown below. 
 
Time (min) Time (s) Product (mmol) [Product] (M) 
52 3120 0.00032 0.0016 
60 3600 0.00040 0.0020 
75 4500 0.00201 0.0102 
90 5400 0.00209 0.0106 
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105 6300 0.00468 0.0239 
120 7200 0.00523 0.0267 
150 9000 0.00887 0.0453 
180 10800 0.00538 0.0275 
Table 4.13. Steady State Approximation Data for [Pd(OAc)2] = 0.057 M 
 
 
Time (min) Time (s) Product (mmol) [Product] (M) 
25 1500 0.00054 0.0028 
30 1800 0.00016 0.0008 
37 2220 0.00092 0.0047 
45 2700 0.00029 0.0015 
60 3600 0.00089 0.0045 
75 4500 0.00163 0.0083 
90 5400 0.00268 0.0137 
105 6300 0.00045 0.0023 
120 7200 0.00345 0.0176 
150 9000 0.00610 0.0311 
180 10800 0.00346 0.0177 
Table 4.14. Steady State Approximation Data for [Pd(OAc)2] = 0.076 
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Time (min) Time (s) Product (mmol) [Product] (M) 
15 900 0.00002 0.0001 
20 1200 0.00055 0.0028 
25 1500 0.00024 0.0012 
35 2100 0.00135 0.0069 
45 2700 0.00141 0.0072 
60 3600 0.00205 0.0104 
75 4500 0.00308 0.0157 
90 5400 0.00349 0.0178 
105 6300 0.00118 0.0060 
120 7200 0.00609 0.0311 
158 9480 0.00867 0.0443 
180 10800 0.00941 0.0480 
210 12600 0.01305 0.0666 
270 16200 0.00872 0.0445 
330 19800 0.01499 0.0765 
Table 4.15. Steady State Approximation Data for [Pd(OAc)2] = 0.095 M 
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Time (min) Time (s) Product (mmol) [Product] (M) 
0 0 0.00000 0.0000 
5 300 0.00067 0.0034 
10 600 0.00012 0.0006 
15 900 0.00063 0.0032 
20 1200 0.00080 0.0041 
25 1500 0.00060 0.0031 
30 1800 0.00162 0.0083 
45 2700 0.00119 0.0061 
60 3600 0.00264 0.0135 
75 4500 0.00249 0.0127 
90 5400 0.00528 0.0269 
105 6300 0.00509 0.0259 
120 7200 0.00375 0.0191 
150 9000 0.00885 0.0451 
210 12600 0.00877 0.0447 
282 16920 0.00721 0.0368 
Table 4.16. Steady State Approximation Data for [Pd(OAc)2] = 0.114 M 
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Time (min) Time (s) Product (mmol) [Product] (M) 
0 0 0.00000 0.0000 
5 300 0.00044 0.0022 
10 600 0.00034 0.0017 
15 900 0.00047 0.0024 
20 1200 0.00055 0.0028 
25 1500 0.00000 0.0000 
30 1800 0.00155 0.0079 
37 2220 0.00184 0.0094 
45 2700 0.00199 0.0102 
52 3120 0.00196 0.0100 
60 3600 0.00314 0.0160 
75 4500 0.00317 0.0162 
90 5400 0.00334 0.0171 
105 6300 0.00527 0.0269 
120 7200 0.00210 0.0107 
150 9000 0.00853 0.0435 
180 10800 0.00626 0.0319 
210 12600 0.01115 0.0569 
Table 4.17. Steady State Approximation Data for [Pd(OAc)2] = 0.133 M 
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Data Analysis for the Investigation of Reaction Order in Pd(OAc)2 
 The slope from each linear fit was calculated as the rate of each reaction. The error 
in the slope is the standard deviation value. The r2 values are given to describe the quality 
of the linear fit for each experiment. 
[Pd(OAc)2] Rate (M/s) Error (M/s) R2 
0.057 0.00000482 1.187E-06 0.7334 
0.076 0.00000249 6.125E-07 0.6482 
0.095 0.00000405 4.286E-07 0.8728 
0.114 0.00000290 3.826E-07 0.8036 
0.133 0.00000392 3.912E-07 0.8626 
Table 4.18. Rates of Reactions, as Extrapolated from the Steady State Approximations 
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Figure 4.33. Plot of Pd(OAc)2 Reaction Rate Data, as Extrapolated from the Steady State 
Approximations 
 
 The standard deviation of the rates was also taken to quantify the differences 
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between the calculated rates for each experiment. In this case, the standard deviation 
among the rates was 9.363 x 10-7 M/s. 
 A log plot was also constructed as an alternate display of the reaction order of 
Pd(OAc)2. The error in the log(rate) is absolute error, and was used to construct error bars 
for each data point.  
 
[Pd(OAc)2] 
log([Pd(OAc)2]) Rate (M/s) log(Rate) Rate Error 
Log(rate) 
Error 
0.057 -1.244 0.00000482 -5.317 0.00000119 0.1068 
0.076 -1.118 0.00000249 -5.603 0.00000061 0.1066 
0.095 -1.021 0.00000405 -5.393 0.00000043 0.0460 
0.114 -0.942 0.00000290 -5.538 0.00000038 0.0573 
0.133 -0.875 0.00000392 -5.407 0.00000039 0.0433 
Table 4.19. Log Analysis of Pd(OAc)2 Rate Data 
 
Raw Data from the Investigation of Reaction Order in Oxazolone 
 Each experiment was plotted, and a steady state approximation was employed. A 
linear fit was generated for all points after the end of the visually observed induction period. 
The raw data, raw data plots, and linear steady state approximations are shown below for 
each experiment. 
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Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00020 0.0010 
15 0.00060 0.0031 
20 0.00068 0.0035 
25 0.00079 0.0040 
30 0.00086 0.0044 
37 0.00129 0.0066 
45 0.00154 0.0079 
52 0.00165 0.0084 
60 0.00227 0.0116 
75 0.00188 0.0096 
90 0.00305 0.0156 
105 0.00415 0.0212 
120 0.00415 0.0212 
150 0.00549 0.0280 
180 0.00437 0.0223 
Table 4.20. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.095 M, [4.10] = 0.448 M 
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Figure 4.34. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.095 M, [4.10] = 0.448 M 
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Figure 4.35. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.095 M, [4.10] = 0.448 M 
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Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00008 0.0004 
15 0.00000 0.0000 
20 0.00048 0.0025 
25 0.00064 0.0033 
30 0.00099 0.0050 
37 0.00064 0.0033 
45 0.00179 0.0092 
52 0.00149 0.0076 
60 0.00264 0.0134 
75 0.00205 0.0104 
90 0.00446 0.0228 
105 0.00460 0.0235 
120 0.00139 0.0071 
150 0.00178 0.0091 
180 0.00109 0.0055 
210 0.00744 0.0380 
Table 4.21. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.143 M, [4.10] = 0.448 M 
204 
 
0 50 100 150 200 250
0.00
0.01
0.02
0.03
0.04
0.05
0.06
[p
ro
d
u
c
t]
 (
M
)
time (min)
 
Figure 4.36. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.143 M, [4.10] = 0.448 M 
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Figure 4.37. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.143 M, [4.10] = 0.448 M 
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Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00000 0.0000 
15 0.00022 0.0011 
20 0.00041 0.0021 
25 0.00015 0.0008 
35 0.00015 0.0007 
45 0.00008 0.0004 
60 0.00054 0.0027 
75 0.00043 0.0022 
90 0.00151 0.0077 
105 0.00201 0.0103 
120 0.00183 0.0094 
158 0.00653 0.0333 
180 0.00458 0.0233 
210 0.00521 0.0266 
270 0.00860 0.0439 
300 0.00879 0.0448 
330 0.01091 0.0556 
Table 4.22. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.238 M, [4.10] = 0.448 M 
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Figure 4.38. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.238 M, [4.10] = 0.448 M 
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Figure 4.39. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.238 M, [4.10] = 0.448 M 
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Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00000 0.0000 
10 0.00000 0.0000 
15 0.00008 0.0004 
20 0.00015 0.0008 
25 0.00058 0.0030 
30 0.00066 0.0034 
37 0.00018 0.0009 
45 0.00086 0.0044 
52 0.00177 0.0090 
60 0.00076 0.0039 
75 0.00048 0.0024 
90 0.00289 0.0148 
105 0.00184 0.0094 
120 0.00089 0.0045 
150 0.00362 0.0185 
180 0.00333 0.0170 
Table 4.23. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.286 M, [4.10] = 0.448 M 
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Figure 4.40. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.286 M, [4.10] = 0.448 M 
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Figure 4.41. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.286 M, [4.10] = 0.448 M 
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Steady State Approximation for the Investigation of Reaction Order in Oxazolone 
 The data selected for use in the steady state approximation of reaction rates for 
each experiment are shown below. 
 
Time (min) Product (mmol) [Product] (M) 
15 0.00060 0.0031 
20 0.00068 0.0035 
25 0.00079 0.0040 
30 0.00086 0.0044 
37 0.00129 0.0066 
45 0.00154 0.0079 
52 0.00165 0.0084 
60 0.00227 0.0116 
75 0.00188 0.0096 
90 0.00305 0.0156 
105 0.00415 0.0212 
120 0.00415 0.0212 
150 0.00549 0.0280 
180 0.00437 0.0223 
Table 4.24. Steady State Approximation Data for [4.11] = 0.095 M 
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Time (min) Product (mmol) [Product] (M) 
10 0.00008 0.0004 
15 0.00000 0.0000 
20 0.00048 0.0025 
25 0.00064 0.0033 
30 0.00099 0.0050 
37 0.00064 0.0033 
45 0.00179 0.0092 
52 0.00149 0.0076 
60 0.00264 0.0134 
75 0.00205 0.0104 
90 0.00446 0.0228 
105 0.00460 0.0235 
120 0.00139 0.0071 
150 0.00178 0.0091 
180 0.00109 0.0055 
210 0.00744 0.0380 
Table 4.25. Steady State Approximation Data for [4.11] = 0.143 M 
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Time (min) Product (mmol) [Product] (M) 
45 0.00008 0.0004 
60 0.00054 0.0027 
75 0.00043 0.0022 
90 0.00151 0.0077 
105 0.00201 0.0103 
120 0.00183 0.0094 
158 0.00653 0.0333 
180 0.00458 0.0233 
210 0.00521 0.0266 
270 0.00860 0.0439 
300 0.00879 0.0448 
330 0.01091 0.0556 
Table 4.26. Steady State Approximation Data for [4.11] = 0.238 M 
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Time (min) Product (mmol) [Product] (M) 
10 0.00000 0.0000 
15 0.00008 0.0004 
20 0.00015 0.0008 
25 0.00058 0.0030 
30 0.00066 0.0034 
37 0.00018 0.0009 
45 0.00086 0.0044 
52 0.00177 0.0090 
60 0.00076 0.0039 
75 0.00048 0.0024 
90 0.00289 0.0148 
105 0.00184 0.0094 
120 0.00089 0.0045 
150 0.00362 0.0185 
180 0.00333 0.0170 
Table 4.27. Steady State Approximation Data for [4.11] = 0.286 M 
 
Data Analysis for the Investigation of Reaction Order in Oxazolone 
 The slope from each linear fit was calculated as the rate of each reaction. The error 
in the slope is the standard deviation value. The r2 values are given to describe the quality 
of the linear fit for each experiment. 
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[4.11] Rate (M/s) Error (M/s) R2 
0.095 0.00000255 2.466E-07 0.8992 
0.143 0.00000183 5.499E-07 0.4404 
0.190 0.00000405 4.286E-07 0.8728 
0.238 0.00000319 2.429E-07 0.9452 
0.286 0.00000167 2.969E-07 0.7092 
Table 4.28. Rates of Reactions, as Extrapolated from the Steady State Approximations 
 
 The standard deviation of the rates was also taken to quantify the differences 
between the calculated rates for each experiment. In this case, the standard deviation 
among the rates was 9.865 x 10-7 M/s. 
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Figure 4.42. Plot of Oxazolone Reaction Rate Data, as Extrapolated from the Steady State 
Approximations 
 
 A log plot was also constructed as an alternate display of the reaction order of 
4.11. The error in the log(rate) is absolute error, and was used to construct error bars for 
each data point. 
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 [4.11] log([4.11]) Rate (M/s) log(Rate) Rate Error Log(rate) Error 
0.095 -1.021 0.000002552 -5.593 0.000000247 0.04195 
0.143 -0.845 0.000001825 -5.739 0.000000550 0.13076 
0.190 -0.720 0.000004048 -5.393 0.000000429 0.04596 
0.238 -0.623 0.000003191 -5.496 0.000000243 0.03303 
0.286 -0.544 0.000001672 -5.777 0.000000297 0.07708 
Table 4.29. Log Analysis of Oxazolone Rate Data 
 
 
Raw Data for the Investigation of Reaction Order in Toluene 
 Each experiment was plotted, and a steady state approximation was employed. A 
linear fit was generated for all points after the end of the visually observed induction period. 
The raw data, raw data plots, and linear steady state approximations are shown below for 
each experiment. 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00059 0.0030 
10 0.00080 0.0041 
15 0.00074 0.0038 
20 0.00159 0.0081 
25 0.00222 0.0113 
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30 0.00137 0.0070 
37 0.00222 0.0113 
45 0.00213 0.0109 
52 0.00165 0.0084 
60 0.00347 0.0177 
75 0.00290 0.0148 
90 0.00508 0.0259 
105 0.00071 0.0036 
120 0.00110 0.0056 
135 0.00506 0.0258 
150 0.00468 0.0239 
180 0.00366 0.0187 
Table 4.30. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.190 M, [4.10] = 0.599 M 
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Figure 4.43. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.190 M, [4.10] = 0.599 M 
 
 
 
 
 
 
 
217 
 
0 20 40 60 80 100 120 140 160 180 200
0.00
0.02
0.04
0.06
0.08
0.10
[p
ro
d
u
c
t]
 (
M
)
time (min)
y = 1.667E-6x + 0.004917
 
Figure 4.44. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.190 M, [4.10] = 0.599 M 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00014 0.0007 
10 0.00000 0.0000 
15 0.00017 0.0009 
20 0.00011 0.0006 
25 0.00041 0.0021 
30 0.00044 0.0023 
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37 0.00119 0.0061 
45 0.00090 0.0046 
52 0.00105 0.0053 
60 0.00130 0.0066 
75 0.00161 0.0082 
90 0.00169 0.0086 
105 0.00339 0.0173 
120 0.00237 0.0121 
150 0.00198 0.0101 
180 0.00170 0.0087 
Table 4.31. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.190 M, [4.10] = 0.700 M  
0 20 40 60 80 100 120 140 160 180 200
0.00
0.02
0.04
0.06
0.08
0.10
[p
ro
d
u
c
t]
 (
M
)
time (min)
 
Figure 4.45. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.190 M, [4.10] = 0.700 M 
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Figure 4.46. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.190 M, [4.10] = 0.700 M 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00033 0.0017 
10 0.00047 0.0024 
15 0.00055 0.0028 
20 0.00000 0.0000 
25 0.00067 0.0034 
30 0.00146 0.0075 
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37 0.00132 0.0068 
52 0.00213 0.0108 
60 0.00412 0.0210 
75 0.00223 0.0114 
90 0.00510 0.0260 
105 0.00201 0.0103 
120 0.00692 0.0353 
150 0.00779 0.0397 
180 0.01312 0.0669 
210 0.01018 0.0519 
Table 4.32. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.190 M, [4.10] = 0.800 M 
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Figure 4.47. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.190 M, [4.10] = 0.800 M 
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Figure 4.48. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.190 M, [4.10] = 0.800 M 
 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00025 0.0013 
10 0.00049 0.0025 
15 0.00065 0.0033 
20 0.00081 0.0041 
25 0.00057 0.0029 
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35 0.00182 0.0093 
45 0.00238 0.0121 
60 0.00332 0.0169 
75 0.00345 0.0176 
90 0.00556 0.0284 
105 0.00563 0.0287 
120 0.00777 0.0396 
158 0.00860 0.0439 
180 0.01082 0.0552 
210 0.01206 0.0615 
270 0.01550 0.0791 
300 0.01682 0.0858 
Table 4.33. Raw Kinetic Data to Determine the Order of Pd(OAc)2. Conditions: [Pd(OAc)2] = 
0.095 M, [4.11] = 0.190 M, [4.10] = 0.952 M 
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Figure 4.49. Raw Data Plot of Product Formation Over Time Conditions: [Pd(OAc)2] = 0.095 M, 
[4.11] = 0.190 M, [4.10] = 0.952 M 
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Figure 4.50. Plot of Product Formation Over Time with Overlay Steady State Approximation. 
Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.190 M, [4.10] = 0.952 M 
 
Steady State Approximation for the Investigation of Reaction Order in Oxazolone 
 The data selected for use in the steady state approximation of reaction rates for 
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each experiment are shown below. 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00059 0.0030 
10 0.00080 0.0041 
15 0.00074 0.0038 
20 0.00159 0.0081 
25 0.00222 0.0113 
30 0.00137 0.0070 
37 0.00222 0.0113 
45 0.00213 0.0109 
52 0.00165 0.0084 
60 0.00347 0.0177 
75 0.00290 0.0148 
90 0.00508 0.0259 
105 0.00071 0.0036 
120 0.00110 0.0056 
135 0.00506 0.0258 
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150 0.00468 0.0239 
180 0.00366 0.0187 
Table 4.34. Steady State Approximation Data for [toluene] = 0.599 M 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00014 0.0007 
10 0.00000 0.0000 
15 0.00017 0.0009 
20 0.00011 0.0006 
25 0.00041 0.0021 
30 0.00044 0.0023 
37 0.00119 0.0061 
45 0.00090 0.0046 
52 0.00105 0.0053 
60 0.00130 0.0066 
75 0.00161 0.0082 
90 0.00169 0.0086 
105 0.00339 0.0173 
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120 0.00237 0.0121 
150 0.00198 0.0101 
180 0.00170 0.0087 
Table 4.35. Steady State Approximation Data for [toluene] = 0.700 M 
 
 
Time (min) Product (mmol) [Product] (M) 
15 0.00055 0.0028 
20 0.00000 0.0000 
25 0.00067 0.0034 
30 0.00146 0.0075 
37 0.00132 0.0068 
52 0.00213 0.0108 
60 0.00412 0.0210 
75 0.00223 0.0114 
90 0.00510 0.0260 
105 0.00201 0.0103 
120 0.00692 0.0353 
150 0.00779 0.0397 
180 0.01312 0.0669 
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210 0.01018 0.0519 
Table 4.36. Steady State Approximation Data for [toluene] = 0.800 M 
 
 
Time (min) Product (mmol) [Product] (M) 
0 0.00000 0.0000 
5 0.00025 0.0013 
10 0.00049 0.0025 
15 0.00065 0.0033 
20 0.00081 0.0041 
25 0.00057 0.0029 
35 0.00182 0.0093 
45 0.00238 0.0121 
60 0.00332 0.0169 
75 0.00345 0.0176 
90 0.00556 0.0284 
105 0.00563 0.0287 
120 0.00777 0.0396 
158 0.00860 0.0439 
180 0.01082 0.0552 
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210 0.01206 0.0615 
270 0.01550 0.0791 
300 0.01682 0.0858 
Table 4.37. Steady State Approximation Data for [toluene] = 0.952 M 
 
Data Analysis for the Investigation of Reaction Order in Oxazolone 
 The slope from each linear fit was calculated as the rate of each reaction. The error 
in the slope is the standard deviation value. The r2 values are given to describe the quality 
of the linear fit for each experiment. 
 [Toluene] Rate (M/s) Error (M/s) R2 
0.448 0.00000405 4.286E-07 0.8728 
0.599 0.00000167 4.636E-07 0.4468 
0.700 0.00000124 2.361E-07 0.6477 
0.800 0.00000507 5.952E-07 0.8580 
0.952 0.00000494 9.683E-08 0.9939 
Table 4.38. Rates of Reactions, as Extrapolated from the Steady State Approximations 
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Figure 4.51. Plot of Toluene Reaction Rate Data, as Extrapolated from the Steady State 
Approximations 
 
 The standard deviation of the rates was also taken to quantify the differences 
between the calculated rates for each experiment. In this case, the standard deviation 
among the rates was 1.820 x 10-6 M/s. 
 A log plot was also constructed as an alternate display of the reaction order of 
4.10. The error in the log(rate) is absolute error, and was used to construct error bars for 
each data point.  
[toluene] log([toluene]) Rate (M/s) log(Rate) Rate Error Log(rate) Error 
0.448 -0.349 0.00000405 -5.393 0.000000429 0.04596 
0.599 -0.223 0.00000167 -5.778 0.000000464 0.12073 
0.700 -0.155 0.00000124 -5.907 0.000000236 0.08264 
0.800 -0.097 0.00000507 -5.295 0.000000595 0.05097 
0.952 -0.021 0.00000494 -5.306 0.000000097 0.00850 
Table 4.39. Log Analysis of Toluene Rate Data 
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 Finally, a derivative plot was conducted for each raw data plot, to sow that the 
order does not change throughout the course of the reaction. One example is included 
here, shown in Figure 4.52. 
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Figure 4.52. Exemplary Derivative Plot Illustrating No Change in Order Over the Course of the 
Reaction. Conditions: [Pd(OAc)2] = 0.095 M, [4.11] = 0.190 M, [4.10] = 0.448 M 
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APPENDIX A: SPECTROSCOPIC DATA 
  
Figure A.1. 1H NMR Spectrum of Compound 1.18 (500 MHz, CDCl3)24 
 
 
Figure A.2. 1H NMR Spectrum of Compound 1.19 (500 MHz, CDCl3)24 
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Figure A.3. 13C NMR Spectrum of Compound 1.19 (127 MHz, CDCl3)24  
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Figure A.4. IR Spectrum of Compound 1.19 (thin film) 
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Figure A.5. 1H NMR Spectrum of Compound 1.20 (500 MHz, CDCl3)24 
 
 
 
Figure A.6. IR Spectrum of Compound 1.20 (neat) 
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Figure A.7. 1H NMR Spectrum of Compound 1.21 (500 MHz, CDCl3)24 
 
 
Figure A.8. 13C NMR Spectrum of Compound 1.21 (127 MHz, CDCl3)24 
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Figure A.9. IR Spectrum of Compound 1.21 (thin film) 
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Figure A.10. 1H NMR Spectrum of Compound 1.22 (500 MHz, CDCl3)24 
 
 
Figure A.11. 1H NMR Spectrum of Compound 1.23 (500 MHz, CDCl3)24 
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Figure A.12. 1H NMR Spectrum of Compound 1.24 (500 MHz, CDCl3)24  
 
 
 
Figure A.13. IR Spectrum of Compound 1.24 (neat) 
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Figure A.14. 1H NMR Spectrum of Compound 1.25 (500 MHz, CDCl3)24 
 
 
Figure A.15. 13C NMR Spectrum of Compound 1.25 (127 MHz, CDCl3)24 
240 
 
 
Figure A.16. IR Spectrum of Compound 1.25 (thin film) 
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Figure A.17. 1H NMR Spectrum of Compound 1.26a (500 MHz, CDCl3)24 
 
 
Figure A.18. 13C NMR Spectrum of Compound 1.26a (127 MHz, CDCl3)24 
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Figure A.19. IR Spectrum of Compound 1.26a (neat) 
 
 
Figure A.20. 1H NMR Spectrum of Compound 1.27a (500 MHz, CDCl3)24 
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Figure A.21. 13C NMR Spectrum of Compound 1.27a (126 MHz, CDCl3)24 
 
 
 
Figure A.22. IR Spectrum of 1.27a (neat) 
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Figure A.23. 1H NMR Spectrum of Compound 1.28 (500 MHz, CDCl3)24 
 
 
Figure A.24. 13C NMR Spectrum of Compound 1.28 (126 MHz, CDCl3)24 
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Figure A.25. IR Spectrum of Compound 1.28 (thin film) 
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Figure A.26. 1H NMR Spectrum of Compound 1.29 (500 MHz, CDCl3)24 
 
 
Figure A.27. 13C NMR Spectrum of Compound 1.29 (126 MHz, CDCl3)24 
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Figure A.28. IR Spectrum of Compound 1.29 (thin film) 
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Figure A.29. 1H NMR Spectrum of Compound 1.30 (500 MHz, CDCl3)24 
 
 
Figure A.30. 13C NMR Spectrum of Compound 1.30 (126 MHz, CDCl3)24 
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Figure A.31. IR Spectrum of Compound 1.30 (thin film) 
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Figure A.32. 1H NMR Spectrum of Compound 1.26b (500 MHz, CDCl3)24 
 
 
Figure A.33. 1H NMR Spectrum of Compound 1.26c (500 MHz, CDCl3)24 
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Figure A.34. 1H NMR Spectrum of Compound 1.31 (360 MHz, CDCl3)24 
 
 
Figure A.35. 13C NMR Spectrum of Compound 1.31 (91 MHz, CDCl3)24 
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Figure A.36. IR Spectrum of Compound 1.31 (neat) 
 
 
 
Figure A.37. 1H NMR Spectrum of Compound 1.32 (500 MHz, CDCl3)24 
253 
 
 
Figure A.38. 13C NMR Spectrum of Compound 1.32 (91 MHz, CDCl3)24 
 
 
Figure A.39. IR Spectrum of Compound 1.32 (neat) 
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Figure A.40. 1H NMR Spectrum of Compound 1.33 (500 MHz, CDCl3)24 
 
 
 
Figure A.41. 13C NMR Spectrum of Compound 1.33 (126 MHz, CDCl3)24 
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Figure A.42. IR Spectrum of 1.33 (thin film) 
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Figure A.43. 1H NMR Spectrum of Compound 1.27b (500 MHz, CDCl3)24 
 
 
 
Figure A.44. 1H NMR Spectrum of Compound 1.35 (500 MHz, CDCl3)24 
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Figure A.45. 1H NMR Spectrum of Compound 1.36 (500 MHz, CDCl3)24 
 
 
Figure A.46. 13C NMR Spectrum of Compound 1.36 (127 MHz, CDCl3)24 
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Figure A.47. IR Spectrum of Compound 1.36 (thin film)  
259 
 
 
Figure A.48. 1H NMR Spectrum of Compound 1.37 (500 MHz, CDCl3)24 
 
 
Figure A.49. 13C NMR Spectrum of Compound 1.37 (126 MHz, CDCl3)24 
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Figure A.50. IR Spectrum of Compound 1.37 (neat) 
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Figure A.51. 1H NMR Spectrum of Compound 1.38 (500 MHz, CDCl3)24 
 
 
Figure A.52. 13C NMR Spectrum of Compound 1.38 (126 MHz, CDCl3)24 
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Figure A.53. IR Spectrum of Compound 1.38 (thin film) 
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Figure A.54. 1H NMR Spectrum of Compound 1.27d (500 MHz, CDCl3)24 
 
 
Figure A.55. 1H NMR Spectrum of Compound 2.03a (500 MHz, CDCl3)62 
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Figure A.56. 1H NMR Spectrum of Compound 2.09 (360 MHz, CDCl3)62 
 
 
Figure A.57. 31P NMR Spectrum of Compound 2.09 (146 MHz, CDCl3)62 
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Figure A.58. 13C NMR Spectrum of Compound 2.09 (126 MHz, CDCl3)62 
 
 
Figure A.59. IR Spectrum of Compound 2.09 (neat) 
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Figure A.60. 1H NMR Spectrum of Compound 2.10 (360 MHz, CDCl3)62 
 
 
Figure A.61. 1H NMR Spectrum of Compound 2.11 (300 MHz, CDCl3)62 
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Figure A.62. 31P NMR Spectrum of Compound 2.11 (122 MHz, CDCl3)62 
 
 
Figure A.63. 13C NMR Spectrum of Compound 2.11 (91 MHz, CDCl3)62 
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Figure A.64. IR Spectrum of Compound 2.11 (neat) 
 
 
Figure A.65. 1H NMR Spectrum of Compound 2.13 (360 MHz, CDCl3)62 
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Figure A.66. 31P NMR Spectrum of Compound 2.13 (146 MHz, CDCl3)62 
 
 
Figure A.67. 13C NMR Spectrum of Compound 2.13 (91 MHz, CDCl3)62 
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Figure A.68. IR Spectrum of Compound 2.13 (neat) 
 
 
Figure A.69. 1H NMR Spectrum of Compound 2.14 (360 MHz, CDCl3)62 
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Figure A.70. 31P NMR Spectrum of Compound 2.14 (146 MHz, CDCl3)62 
 
 
Figure A.71. 13C NMR Spectrum of Compound 2.14 (91 MHz, CDCl3)62 
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Figure A.72. IR Spectrum of Compound 2.14 (neat) 
 
 
Figure A.73. 1H NMR Spectrum of Compound 2.15 (360 MHz, CDCl3)62 
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Figure A.74. IR Spectrum of Compound 2.15 (neat) 
 
 
Figure A.75. 1H NMR Spectrum of Compound 2.16 (360 MHz, CDCl3)62 
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Figure A.76. 31P NMR Spectrum of Compound 2.16 (146 MHz, CDCl3)62 
 
 
Figure A.77. 13C NMR Spectrum of Compound 2.16 (126 MHz, CDCl3)62 
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Figure A.78. IR Spectrum of Compound 2.16 (neat) 
 
 
Figure A.79. 1H NMR Spectrum of Compound 2.03c (500 MHz, CDCl3)62 
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Figure A.80. 1H NMR Spectrum of Compound 2.18 (360 MHz, CDCl3)62 
 
 
Figure A.81. 1H NMR Spectrum of Compound 2.18 (146 MHz, CDCl3)62 
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Figure A.82. 13C NMR Spectrum of Compound 2.18 (91 MHz, CDCl3)62 
 
 
Figure A.83. IR Spectrum of Compound 2.18 (neat) 
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Figure A.84. 1H NMR Spectrum of Compound 2.19 (300 MHz, CDCl3)62 
 
 
Figure A.85. 31P NMR Spectrum of Compound 2.19 (146 MHz, CDCl3)62 
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Figure A.86. 13C NMR Spectrum of Compound 2.19 (126 MHz, CDCl3)62 
 
 
Figure A.87. IR Spectrum of Compound 2.19 (neat) 
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Figure A.88. 1H NMR Spectrum of Compound 2.20 (300 MHz, CDCl3)62 
 
 
Figure A.89. 31P NMR Spectrum of Compound 2.20 (122 MHz, CDCl3)62 
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Figure A.90. 13C NMR Spectrum of Compound 2.20 (126 MHz, CDCl3)62 
 
 
Figure A.91. IR Spectrum of Compound 2.20 (neat) 
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Figure A.92. 1H NMR Spectrum of Compound 2.21 (500 MHz, CDCl3)62 
 
 
Figure A.93. 31P NMR Spectrum of Compound 2.21 (126 MHz, CDCl3)62 
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Figure A.94. 13C NMR Spectrum of Compound 2.21 (146 MHz, CDCl3)62 
 
 
Figure A.95. IR Spectrum of Compound 2.21 (neat) 
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Figure A.96. 1H NMR Spectrum of Compound 2.13b (500 MHz, CDCl3)62 
 
 
 
Figure A.97. 1H NMR Spectrum of Compound 3.1 (500 MHz, CDCl3)62 
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Figure A.98. 13C NMR Spectrum of Compound 3.1 (126 MHz, CDCl3)62 
 
 
Figure A.99. 31P NMR Spectrum of Compound 3.1 (146 MHz, CDCl3)62 
 
286 
 
 
Figure A.100. 19F NMR Spectrum of Compound 3.1 (282 MHz, CDCl3)62 
 
 
Figure A.101. IR Spectrum of Compound 3.1 (neat) 
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Figure A.102. 1H NMR Spectrum of Compound 3.9 (500 MHz, CDCl3)62 
 
 
 
Figure A.103. 13C NMR Spectrum of Compound 3.9 (126 MHz, CDCl3)62 
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Figure A.104. 31P NMR Spectrum of Compound 3.9 (146 MHz, CDCl3)62 
 
 
Figure A.105. 19F NMR Spectrum of Compound 3.9 (339 MHz, CDCl3)62 
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Figure A.106. IR Spectrum of Compound 3.9 (neat) 
 
 
Figure A.107. 1H NMR Spectrum of Compound 4.11 (500 MHz, CDCl3) 
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Figure A.108. 1H NMR Spectrum of Compound 4.19 (500 MHz, CDCl3) 
 
Figure A.109. 1H NMR Spectrum of Compound 4.17 (500 MHz, CDCl3) 
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Figure A.110. 1H NMR Spectrum of Compound 4.34 (500 MHz, CDCl3) 
 
 
Figure A.111. 13C NMR Spectrum of Compound 4.34 (125.7 MHz, CDCl3) 
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Figure A.112. 19F NMR Spectrum of Compound 4.34 (339 MHz, CDCl3) 
 
 
Figure A.113. IR Spectrum of Compound 4.34 (neat) 
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Figure A.114. Sample Spectrum from Kinetics Experiments, Showing Integrations of Product and 
Internal Standard (CH3NO2). Conditions: CDCl3, 600 MHz. 
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